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NATURE CAVITATION 


part the program the Hydraulic Research Committee the 
Division, Subcommittee Cavitation Hydraulic Structures 
was appointed the summer 1942. Its first objective was summarize 
the facts cavitation which are pertinent civil engineering problems and 
bring the attention the profession certain experiences with the phe- 
nomenon. was decided that this objective could best attained the 
presentation Symposium where there would opportunity for others, 
discussion, report their experiences and thus bring additional facts light. 
this way the store knowledge could increased and assembled con- 
venient form for civil engineering use. The Symposium developed logically 
into single paper containing summary facts and theories, followed 
three papers practical experiences with cavitation. 

After current knowledge cavitation has been summarized the Sym- 
posium and ensuing discussions, the committee intends stimulate research 
activity the unanswered questions and unsolved problems with the ultimate 
objective obtaining, for the designer, sufficient information for cavitation- 
free designs produced with certainty. 


INTRODUCTION 


Cavitation first became engineering problem about 1900 when, with the 
use the steam turbine drive for ship propulsion (which resulted higher 
propeller speeds), marine engineers noticed losses efficiency and destruction 
propeller materials. Shortly afterward, mechanical engineers the hydraulic 
machinery field encountered the phenomenon speeds turbines and pumps 
were increased. With the design higher hydraulic structures and with their 
resulting higher velocities, the civil engineer has become increasingly involved 
with the cavitation problem. 

The generally accepted word for the destruction and subsequent erosion 
materials cavitation action Although the operator frequently 
refers the erosion blades, conduits, piers, liners, etc., this 
use the word discouraged. brief, the the liquid, 
the pitting the solid boundary. Although the damaging “pitting” 
structural materials cavitation has been variously attributed chemical 
action, electrochemical action (corrosion), high tension the water, 
present evidence indicates conclusively that the destructive action essentially 
mechanical one, caused the impact liquid masses the surface the 
material. The objective all designers gain sufficient knowledge the 
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nature and occurrence cavitation prevent render harmless 
new designs. 
Notation.—The letter symbols, used this Symposium, conform essentially 


American Standard Letter Symbols for Hydraulics (ASA—Z10.2—1942), 


prepared Committee the American Standards Association, with Society 
representation, and approved the Association 1942. each paper 
definitions are introduced where symbol first mentioned. 


OccURRENCE CAVITATION 


Because liquids encountered engineering practice cannot expand and 
cannot support tension stress, cavities will form them wherever the absolute 
pressure falls (or close to) the vapor pressure the liquid. Two the 
factors contributing pressure reductions may seen, from the Bernoulli 
equation for frictionless liquid— 


2 


are defined follows: the pressure per unit area; the specific 
weight; and the acceleration due gravity.) 

Considering the effect elevation may concluded, for example, that 
(a) cavitation more likely appear the top conduit than the 
bottom, (b) higher setting hydraulic turbine above tailwater will increase 
the tendency for cavitation, and (c) marine propellers surface vessels are 
more susceptible cavitation than the propellers submarines (when sub- 
merged). 

The production pressure reduction increase velocity familiar 
the engineer and usually results from constriction passage as, for example, 
venturi meter aspirator nozzle; the tendency for cavitation occur 
regions high velocity obvious. 


ABRUPT (e) 
OBSTRUCTION CURVED 
VORTEX 


REDUCTIONS TOWARD THE CENTERS FLOW CURVATURES 


third, and probably the most important (yet most obscure and unpre- 


factor contributing pressure reduction and cavitation does not 


appear This flow curvature, the essential facts which are shown 
Fig. points denoting the areas low pressure and points the areas 
high pressure. (The effects curved flow, course, may included 
the Bernoulli equation one continues use the frictionless liquid basis 
reasoning. Since flow curvatures are invariably caused, accompanied, 
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separation, eddies, vortices, boundary layer phenomena, which 
are the result viscous action—the assumption frictionless fluid not 
reasonable one.) Cavitation caused the pressure reduction local flow 
curvatures probably more prevalent engineering practice than any other 
type. These flow curvatures may exist boundary surface relatively 
easy curvature such bellmouth conduit entrance, the blades turbine 
propeller, abrupt corners which produce flow separation such gate 
slots, partly opened valves, offsets boundary surface due poor aline- 
ment. Furthermore, localized regions high velocity and low pressure exist 
the sharply curved flow the centers vortices and eddies and produce 
irregular and unpredictable type cavitation. 

The relative motion solid and liquid necessary the production low 
pressure may obtained moving the solid well the liquid. Cavitation 
may produced this way reciprocating vibrating devices such plunger 
pumps and submarine signaling diaphragms, and the vibratory test apparatus 
used Peters (1).2 This ingenious device, illustrated subsequently 
Fig. has proved efficient means studying cavitation under con- 
trolled conditions and producing accelerated pitting. consists vertical 
nickel tube which oscillated longitudinally 6,500 cycles per sec mag- 
netostriction. The specimen tested attached the lower end the 
rod which immersed beaker liquid. Oscillation the rod causes 
cavitation contact with the bottom the specimen and produces pitting 
the type shown subsequently Fig. 12. 


NATURE CAVITATION 


Cavities produced low pressures flowing liquid prove unstable 
and periodically detach themselves from their point formation. They may 
then swept rapidly downstream into region higher pressure where they 
are suddenly collapsed the surrounding 
liquid. the inward rushing liquid finally 
fills the cavity, the momentum the liquid 
reduced zero almost infinitesimal time. 
the point collapse solid boundary, 
the pressure over infinitesimal 
comes enormous and capable denting 
pitting the solid material within that area. 

For study its simplest form the labo- 
ratory, cavitation may produced con- 
Absolute Zero vergent-divergent passage with transparent 

walls and the foregoing facts may deduced 

WITH AND WITHOUT CAVITATION the conventional hydraulic grade line 

will produced for small valve opening 

and small flow rate. larger valve opening the higher velocity the 

throat the constricted passage produces absolute pressure equal the 


Numerals parentheses, thus: (1), refer to. corresponding items the Bibliography, which 
the last unit the Symposium. 
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vapor pressure the liquid. Then frothy region appears extending from 
the throat the constriction into the divergent tube and the hydraulic grade 
line will obtained. Although the frothy region appears steady the 
naked eye, high-speed motion pictures indicate forming and reforming 
many times every second. The cavities form the throat, extend themselves 
downstream, are torn away from the throat, and disappear near region where 
the pressure gradient Near the observation window will found after 


Fig. 4(a) shows schematically the creation, travel, and collapse the cavity, 
and Fig. 4(b) shows the same series events (cavity black), recorded 
the high-speed camera the Massachusetts Institute Technology, 
Cambridge, Mass. 

not implied that all cavitation assumes the form outlined in’Fig. but 
from such tests its essential nature may deduced and the parts the process 
discussed separately. the cavitation mechanism composed 
four parts: (a) The formation the cavity; (b) its travel; (c) its final collapse; 
and (d) the consequences its collapse. Since pitting adjacent materials 
one the consequences cavity collapse, brief statement will made 
the pitting mechanism and remedies that have proved successful arresting 
it. addition the foregoing, certain luminous phenomena have been 
observed the high-velocity flows spillway aprons and the flows down- 
stream from the outlets draft tubes. Since similar observations have been 
made flows both with and without cavitation, appears that these luminous 
phenomena are not one the consequences cavitation (2). 


THE CAVITY 


Because cavities are formed regions low pressure and because air 
other gases dissolved liquids come out solution these regions would 
expected that the pressures within the cavities are larger than the vapor 
the liquid the partial pressure the air within the cavity. Measurements 
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(3) have indicated this the case and have also shown that the excess 
cavity pressure over vapor pressure increases with the air content the liquid. 

When cavities are formed separation from divergent boundary, 
illustrated Fig. they have fairly regular frequency which approxi- 
mately proportional the velocity flow and inversely proportional the 
length the cavity (3). The detachment given cavity from the boundary 
wall probably caused instantaneous rise pressure due the collapse 
the preceding cavity. 

cavity caused vortex (Fig. does not form and collapse the 
manner demonstrated Fig. fact, the flow were perfectly steady 
would difficult see how any collapse would occur. However, the turbulent 


In.; Angle Attack, 2.5°; and (b) Gap, In.; Angle Attack, 2.5° 
nature the flow causes whipping the unattached end the vortex, which 
causes small portions the major cavity detached and collapse 
region higher pressure. Fig. there gap between the end the 
blade and the glass plate through which the pictures were taken. Upward 
flow occurs through the gap and produces vortex similar the tip vortex 
the end airplane wing. 


When eddies that are shed from boundary irregularities, are caused the 
mixing jets, enter low-pressure region the pressures their centers may 
low enough produce cavity that will then continue move with the 
flow and collapse farther downstream. Other types cavities apparently 
form small bubbles, possibly starting with tiny air bubble nucleus. 
Such bubbles have been observed (see Fig. the flowing fluid (4), whereas 
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others, moving very slowly, remain contact with solid boundaries the 
flow bubbles have been observed expand region low 
pressure and disappear when they enter region higher pressure. Evidently 
surface tension will affect cavitation the extent that such small bubbles 
play effective the phenomenon (6). 

Although the thermodynamics cavity formation not known quantita- 
tively (7), lack equilibrium may safely assumed except the case 
cavity the center fixed vortex. cavity forms and rapidly increases 
size, vaporization the liquid will occur and gases dissolved the liquid 
will come out solution into the cavity. However, due the turbulence that 
always accompanies cavitation, the speed vaporization and release 
dissolved gases quite unpredictable. Little known the process except 
that occurs with great rapidity. 


THE CAVITY 


has been observed generally that the cavity proceeds from its point 
formation its point collapse with speed less than that the liquid. 
The cavities Fig. move about one half the velocity the liquid the 
throat the constriction. Fig. the cavitation bubbles, approximately 
spherical shape, can seen forming and disappearing. They are moving 
approximately per sec, whereas the stream speed approximately 
per sec. However, the case free small bubbles and small eddies having 
cavities their centers, the speed the cavity probably about equal 
that the liquid. the other hand, small bubbles attached boundary 


walls have been observed move speeds very much less than the speed 
the liquid (6). 


COLLAPSE .THE CAVITY 


Destruction the cavity begins when the cavity motion and results 
from the upstream face the cavity moving more rapidly than the downstream 
face. This may observed Fig. 4(b) and the flattening the bubbles 
preliminary approach the collapse mechanism may obtained 
considering the idealized case collapse spherical cavity mass liquid 
which rest. assuming that the cavity remained spherical col- 
lapsed, Lord Rayleigh (8) computed the pressure within the cavity 
tons per in. and 765 tons per in. when its diameter had been reduced 
1/20 and 1/100, respectively, its original diameter. Parsons and 
Cook (9) also showed experimentally that enormous pressures may 
veloped locally when water rushes into void space containing only water 
vapor. first the bubble collapse theory was accepted complete explana- 
tion for the production intense local pressures and consequent destruction 
materials, but further evidence indicated only partial answer. 
Such evidence consisted high-speed pictures like those Figs. and 
destruction materials water jets, and the realization that was unlikely 
for spherical bubble exist flow and inconceivable that would remain 
spherical collapsed. The views Fig. 4(b) show the cavity 
irregular shape and contain droplets liquid well liquid vapor. Tests 
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made Honegger (10) and Hengstenberg (11) moving elements 
solid material through small water jets high speed produced destruction 
the material and indicated that appreciable pressures could produced 
impact small liquid masses solid surfaces. 

From the foregoing facts appears that the intense local pressures de- 
veloped the point collapse are probably due combination the 
foregoing phenomena. collapse the cavity occurs boundary, droplets 
may shot the solid surface with speeds produce deformation 
and eventual destruction, irregularities the cavity walls may produce 
intense local pressures when the liquid strikes the solid material the high 
speeds produced collapse. Although the collapse the cavity the main 
cause impact between liquid masses and solid boundaries the exact details 
the impact mechanism may quite different successive collapses. 


Experimental measurement the pressures produced locally cavitation 
collapse has proved exceedingly difficult problem because these pressures are 
not produced exactly the same point every collapse. Even assuming 
perfect measuring instrument, still difficult place the instrument the 
exact point where collapse occurs. (12) has approached the problem 
using piezoelectric crystal diameter (placed the boundary 
wall) and has measured local pressures more than 200 per in. 
region where the average pressure was only persqin. pressures 
the collapse point are higher than this and that they exist much smaller 
area may inferred from Fig. comparing the size dent caused 
cavitation brass plate with the 2-mm circle. The existence high pres- 
sures the region collapse was also convincingly demonstrated some 
tests Massachusetts Institute Technology (3), which short lead tubes, 
having one end closed, were filled with water and placed with their open ends 
the region cavity collapse. The tubes were stretched quickly the 
high pressures and soon failed tension. The magnitude 
collapse pressures cannot deduced from such tests, course, but the 
existence high pressure proved beyond doubt. 

The thermodynamic processes cavity collapse consist high-speed com- 
the gases (mostly air) the cavity and the condensation the 
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liquid vapor. spite this rapid compression and condensation, high local 
temperatures probably not result because the large water masses avail- 
able carry away heat generated Furthermore, should 
noted that the expansion and vaporization the formation the cavity will 
tend cool the surroundings that the heat generated during collapse will 
tend restore the temperature its original value rather than raise appre- 
ciably above that value. Thus appears very doubtful that thermal effects 
can play any appreciable part the pitting materials cavitation. 

Although local temperature rise appears little consequence cavity 
collapse, vapor pressure and air content play significant part. Higher partial 
pressures air and vapor the collapsing cavity would expected offer 
resistance the compression the cavity slowing condensation vapor 
and reabsorption air the surrounding liquid. This turn could 
expected produce cushioning effect the collapse, causing local pressures 
less intense and destruction materials less rapid. Laboratory and 
field observations bear out the cushioning effect increased air content but 
variation vapor pressure has produced various trends. series care- 
fully controlled tests the vibratory appa- 
ratus, using water constant air content, 
Peters and Rightmire (13) showed that 
cavitation severity may increase decrease 
with increments temperature (and vapor 
pressure). (In Fig. illustrating this appa- 
ratus, the nickel tube oscillated longitudi- 
nally magnetostriction.) However, 
Mousson, Am. Soc. (14), reports 
swifter destruction materials higher tem- 
For tests using venturi type appa- 

CAVITATION THE VIBRATORY 

ratus, and turbine operators have generally 

observed more destruction blades and parts 

the summer when temperature and vapor pressure are high and air content 

low than the winter when opposite conditions exist. From the evidence 

available appears that general conclusions may drawn the effect 

vapor pressure cavitation severity. Evidently the that vapor pres- 

sure plays cavity collapse something more complicated than cushion- 
ing effect. 

From the random paths that cavities follow before they collapse evident 
that scattering their points collapse over sometimes sizable region may 
expected. Since this region three dimensional, however, appears likely 
that most cavities will collapse within the free flow and out contact with the 
boundary surface. The question naturally arises whether cavities 
must contact the boundary surface they collapse order damage this 
surface. cavities completely surrounded liquid collapse the flow, 
compression waves will sent out all directions and will strike the solid 
boundaries confining the flow. Although appears unlikely that such pressure 
waves could damage the boundary material, Poulter (15) and Ackeret 
and deHaller (16) report the damaging metal surface liquid the 
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creation high-frequency pressure waves the liquid. such pressure 
waves are caused ordinary cavity collapse, destruction material 
distance from the collapse point appears possible. Whether collapse cavities 
the flow can destroy boundary surfaces the action the pressure waves 
still open question but pressure waves may endanger structure machine 
setting forced vibrations. The pressure wave traveling upstream 
into the low-pressure region also appears instrumental detaching the 
succeeding cavity. 


DAMAGE FROM CAVITATION, PITTING 


The harmful effects cavitation are: (a) The pitting the solid boundaries 
confining the flow; the reduction efficiency machines and water 
passages; and (c) vibrations the structure machine caused the periodic 
nature cavity collapse. Thus, the designer hydraulic structures may 
pay three-fold penalty for allowing cavitation occur, may reap 
triple dividend preventing the occurrence cavitation. Since discussion 
vibrations and efficiency losses caused cavitation would lead too far 
afield, pitting alone will discussed this paper. Figs. illustrate the 


Fie. SEVERELY Cast Iron: (a) Surface Appearance; and Cross Section 


typical destruction metals cavitation. .Fig. was reported Professor 
Ackeret (12), Fig. the Baldwin Southwark Company, Fig. the 
National Electric Light Association, and Fig. the Massachusetts Institute 
Technology. 

When cavity collapses adjacent solid surface, droplet liquid 
strikes the surface high speed, the mechanical action similar striking the 
surface with small ball-peen hammer. Indeed the dent that results 
malleable material appears just like the result hammer blow (see Fig. 7). 
The action the collapsing cavity the material then primarily mechanical 
and thermodynamic electrochemical (corrosion) effects play only minor 
Although was widely contended some time ago that pitting was 
primarily corrosive action, this belief was destroyed Professor 
(18) when obtained pitting the glass walls venturi type cavitation 
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apparatus. However, this not claim that corrosive action plays part 
all, because well known that metals fatigue more rapidly the presence 
corrosive action. 

The pitting materials cavitation primarily fatiguing action 
which the surface skin the boundary continuously hammered millions 
tiny blows until cracks and chips has been observed generally that 


DRAULIC TURBINE RUNNER Pump 


surface finish has effect the speed pitting due cavitation and the 
rapidity destruction metal water jets. Rough surfaces are invariably 
destroyed more rapidly than surfaces smooth finish. Thus, the smooth 
surface any material worn away, the pitting process accelerates and very 
rapid destruction usually results. some cases, however, the pitting has 
stopped itself, apparently due water cushion covering the eroded region 
and preventing direct contact collapse point and solid material. 

The precise mechanism the accelerated destruction rough surfaces 
not known, but higher stress concentrations irregular surfaces undoubtedly 
exist and should contribute decidedly the process. Other effects may 
work the case very rough cracked surfaces, however. For example, 
possible that the high pressure nucleus the collapse cavity (possibly 
tiny air bubble) driven into fissures the material and explodes when the 
pressure drops the surrounding region. Another possibility that the 
spaces the inner ends the cracks the material act cavities themselves 
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and collapse with destructive force when local pressures their outer ends are 
increased cavities collapsing the flow. Still another possible explanation 
the high pressure developed the inner end the fissure reflection 
pressure wave entering the fissure (similar the action water hammer 
the closed end pipe line). The intermolecular penetration high- 


pressure liquid into solid has been shown Mr. Poulter (15) capable 
destroying the solid upon release the pressure. Such destruction, however, 
dependent upon the application pressure over relatively long time. 
Because the almost instantaneous existence the high collapse pressure, 
does not appear likely that this effect operative contributing the 
pitting caused cavitation. 
Evidence also available that cracks the solid boundary not accelerate 
the pitting process. Mr. Mousson has observed that the regions and 
around the check cracks the welding repaired turbine runner show 
More pitting than the smooth surface material. has also reported that 
destruction weakening the material beneath the surface possible before 
cracks appear the surface, transmission the effects the blows 
the surface. 
Pitting solid material suspended liquid, which high-frequency 
waves are created without cavitation, has been obtained Mr. 
Poulter (15) and may explained the induced vibrations the solid 
surfaces causing destructively high local stresses. solid boundaries are 
actually destroyed cavitation cavities collapsing out contact with the 
boundaries, this phenomenon offers explanation such pitting. 
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REMEDIES FOR PITTING 


The most effective means preventing pitting new structures the 
elimination the cavitation that causes it. However, “design cavitation 
out” structures not possible design office calculations only. Cavitation 
can prevented only through intelligent cooperation the design office and 
the hydraulic laboratory. The designer should have mind continually the 
facts that sharp curvatures, abrupt corners, any combination circum- 
stances which produce flow curvature, vortices, eddies, separation, high 
local velocities, are all conducive cavitation and, like the aeronautical de- 
signer, should make every effort “streamline” his designs with contours 
easy curvature. Even with these facts hand, the design office cannot 
produce designs free from the danger cavitation (unless such designs are 
conservative that their costs are prohibitive) without the assistance the 
laboratory. This results from the impossibility using the foregoing principles 
quantitatively for the precise prediction hydraulic phenomena. 

completed structures where cavitation and pitting occur and drastic 
modifications are not possible, various methods have been used successfully 
arrest the pitting process prevent after repairs have been’ made. 
Replacement eroded parts tougher, more resistant material (such the 
use steel liners conduits the region where pitting has occurred the 
concrete) has proved successful. This has its counterpart the hydraulic 
turbine field where standard practice chip out the damaged material 
and replace with tougher substance built welding. some 
tures the pitting process has been allowed continue until arrests itself, 
presumably the creation water cushion, mentioned previously. 
Although the latter method may have little appeal, sometimes effective 
where erosion does not seriously endanger the strength structure its 
working parts. 

Admission air the low-pressure regions has proved effective both 
hydraulic structures and hydraulic machines. Higher air content the water 
has been seen cushion the cavity collapse and reduce its destructive effects, 
and air introduced well upstream from the cavitation region will contribute 
this process. However, the effect introducing air the cavitation region 
“break the vacuum” there, thus raising the pressure and tending elimi- 
nate true cavitation. The air introduced this manner presumably forms 
large bubbles which are compressed downstream the high-pressure 
but are prevented from collapsing the cushioning effect the large quantity 
air, which cannot absorbed the water upon compression the bubble. 


LABORATORY TESTING FOR CAVITATION 


New designs may tested for cavitation the laboratory suitable 
hydraulic measurements model the new design. For cavitation 
models there are two techniques which are commonly used: (1) The 
the model within vacuum tank; and (2) the operation the model 
near atmospheric pressure conditions the usual way. The latter method 
has been used successfully with water flowing the model, and more recently 
with air the fluid flowing. 
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The testing models for cavitation near atmospheric conditions involves 
the the measurement static pressures numerous points the critical region 
‘on that the pressure distribution well known. Cavitation not produced 
the model—if water used the velocities are not high enough cause 
and air used, cavitation not possible because the capability 
the the fluid expand and fill any cavities that tend form. However, 
converting the measured model pressures their corresponding prototype 
igh pressures the laws dynamic similarity, the model engineer may predict 
whether the prototype will have cavitation not. The exact form the 
urs cannot predicted from such measurements and conceivable 
not that vortex the flow which might produce cavitation the prototype would 
missed completely model that was equipped with wall piezometer 
openings only. spite this slight element doubt, this method testing 
has proved the past and has been adapted successfully late 

the measurement the intermittent cavitation pressures produced highly 
turbulent flows, notably the flow occurring around baffle piers. situations 
like this, flow may entirely unsteady locally, whereas the over-all flow 
perfectly steady one. any given point, pressures may low enough 
the produce cavitation one instant and high enough prevent cavitation 
the next instant, thus producing series intermittent cavities 
Obviously such high-frequency pressure fluctuations could not recorded 
piezometer column because the inertia the column; the Waterways 
Experiment Station developed (20) electrical recording pressure measuring 
device that traces the pressure fluctuations and thus may used predict 
usly. point the percentage time that cavitation pressures will occur. As- 
suming that all cavitation cannot eliminated from abrupt obstructions like 
baffle piers (which for their very purpose must unstreamlined), such measure- 
ments are useful correcting designs eliminate the cavitation pressures 
which exist continually over wide areas and are thus most likely produce 
the regular cavitation that would damaging the structure. 

Vacuum-tank testing models for cavitation much more complicated 
than open testing but has been shown Thomas, Am. Soc. E., 
and Schuleen, Assoc. Am. Soc. (19), eliminate the element 
doubt mentioned previously. The entire model enclosed tank and 
forms the air above the model evacuated that the ratio atmospheric pressure 
absolute pressure imposed the model approximately equal that 
the model scale. this method cavitation produced the model and 
form and location become visible the model operator. Photographs 

expected cavitation may thus obtained and may supplemented 
pressure measurements well. The practical difficulties high vacuum 
testing hydraulic models are numerous but Professor Thomas has overcome 
these successfully and has indicated certain advantages the vacuum-tank 
ration has also developed material that will pit under the action 
model cavitation and possible that, the future, vacuum-tank testing 


will show not only the forms the cavitation but the areas damaged 
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EXPERIENCES THE CORPS ENGINEERS 


The discovery, 1935, severe pitting the concrete the conduit 
entrances Madden Dam the Chagres River the Isthmus Panama 
prompted the Corps Engineers, Army, undertake later that year 
program model research the subject cavitation. The initial purpose 
this research was develop design conduit entrance that would free 
from cavitation. The program was later expanded include study 
cavitation gate slots conduits and cavitation around baffle piers stilling 
basins high dams. The major part this paper devoted discussion 
this model research and its effect the design structures that come under 
the jurisdiction the Corps Engineers. 

The first research was conducted Carnegie Institute Technology, 
Pittsburgh, Pa., under the direction Harold Thomas, Am. 
Later the Waterways Experiment Station Vicksburg, Miss., joined 
the study. Since 1941 both laboratories have been engaged cavitation re- 
search for the Corps Engineers. Carnegie Institute Technology, 
models are tested vacuum tank which the air pressure can reduced 
scale and which actual cavitation can made occur. the 
Waterways Experiment Station, ordinary open-air models are used and 
cavitation pressures are detected with especially designed electric pressure 
cells capable measuring rapidly fluctuating pressures water. These cells 


are attached piezometer openings the face the model. Both methods 


have proved highly satisfactory and the results obtained both laboratories 
have been correlated. 


INTRODUCTION 


The first high, concrete, flood control dam the Upper Ohio River Valley— 
Tygart Dam—was under construction when news reached the Pitts- 
burgh District Office the Corps Engineers (under whose supervision 
Tygart Dam was being constructed) that severe pitting the concrete had 
occurred the entrances the outlet conduits Madden Dam (19a). Since 
the Tygart conduits were similar design the Madden conduits and were 
operated under about the same head, concern was felt lest pitting should 
also take place these conduits. 

The cause the pitting the conduits Madden Dam appeared 
cavitation induced the sharp entrance curve the roof the conduit. 
The curve was slightly less sharp the case the Tygart conduits, but was 
not known whether the difference curvature would sufficient prevent 
the formation cavitation. 


Senior Hydr. Engr., Office Chf. Engrs., War Dept., Washington, 
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The possibility conducting model tests for studying the problem was 
discussed with Professor Thomas Carnegie Institute Technology, who 
had already conducted model tests the stilling basin Tygart Dam for the 
Pittsburgh District Office. Professor Thomas expressed the opinion that such 
tests would feasible and agreed undertake the tests for the Pittsburgh 
Office. Model tests the conduit entrances would first made order 


determine definitely whether cavitation had been the cause the pitting 


Madden Dam and provide general check the reliability the methods 
testing used. Tests the Tygart conduits would then made determine 
whether not cavitation could expected occur these conduits. so, 
further tests would made determine remedy for this condition. 

These tests showed definitely that cavitation had been the cause pitting 
the Madden Dam conduits. When the results these tests were called 
the attention the Panama Canal authorities, additional tests the Madden 
Dam conduits were authorized with view determining remedy for this 
condition. Several methods eliminating cavitation Madden Dam were 
the conduit entrance, constricting the downstream end 
the conduit, placing fillers the stop-log slots, and venting with air. Re- 
shaping the conduit entrance was finally selected the most practicable 
remedy for the condition existing Madden Dam 

model the conduit entrances Tygart Dam was then tested and found 
free from cavitation. Apparently the degree curvature provided 
the entrances the Tygart conduits was sufficient prevent cavitation. 
change was necessary, therefore, the design these entrances. Although 
the answer was negative this case, the experience gained from these tests 
proved very useful subsequent testing this type. 


First Vacuum APPARATUS 


special type apparatus was designed Professor Thomas and con- 
structed for these tests—the first apparatus for testing hydraulic structures 
under vacuum built the United States (19c). consisted closed, 
horizontal-loop, recirculation system which the pressure could reduced 
air exhaust pump. Water was recirculated with centrifugal pump. 
part the system was made large enough accommodate half-section 
models conduit entrances. glass plate was placed over the conduit its 
center line that the action the water could observed. 


The action the conduit entrance Madden Dam this apparatus has 
been illustrated Professor Thomas and Schuleen, Assoc. Am. Soe. 
similar photograph the Tygart conduit cavitation was 
visible, indicating that the conduit entrance Tygart Dam will free 
cavitation. 

model the conduits another dam was tested this apparatus 
order study cavitation phenomena the vicinity the gate slots. The 
entrance curve for this design, result experience Madden Dam, was 
very liberal. cavitation was revealed either the entrance the gate 
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slots under the conditions maximum head for which this conduit was de- 
signed. However, slight overspeeding the apparatus (equivalent in- 
creasing the head) gave rise cavitation flashes the downstream edges 
the downstream gate slot (Fig. 13(a)). order increase the factor safety 
against the occurrence cavitation the full-sized structure, new design 
gate slot was developed (Fig. 13(b)) which was found free from cavita- 


: 
Roof Curve 
Sides 


(a) ORIGINAL DESIGN (b) IMPROVED DESIGN 


tion under this increased head. slight bevel and rounding was provided 
the downstream edges the gate slot the improved design. This design 
has been used several dams constructed the Corps Engineers. 


PROBLEM 


1939, four years after the Madden Dam incident, another incident 
occurred which gave further impetus the development the technique 
cavitation model testing. very economical stilling basin design had just 
been developed the hydraulic laboratory Carnegie Institute Technology 
for use below the spillway Bluestone Dam, one the flood control dams 
the Middle Ohio River Valley (Huntington, Va., District). This basin 
consisted short horizontal apron the toe the spillway with two rows 
baffle piers and end sill (see Fig. shows the water 
impinging against the baffle piers this basin. The use baffle piers enabled 
much shallower basin adopted than would have been possible otherwise. 

After the model study had been completed and the design accepted the 
Huntington Office, occurred Professor Thomas that there might cavita- 
tion present around these baffle piers. Some well-known foreign engineers 
who visited the laboratory that time and saw the model operation also 
voiced the same opinion. Professor Thomas, therefore, undertook analytical 
study pressures around cubical blocks high-velocity streams determine 
the likelihood that cavitation would present. Although this investigation 
was entirely theoretical and had based certain idealistic assumptions, 
the results indicated quite definitely that cavitation would present around 
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the Bluestone baffles. Not being satisfied with this theoretical analysis, how- 


ever, Professor Thomas began give some thought the development 


Weir 


Stilling 


(a) PLAN 


49! Radius 


(b) SECTION ALONG CENTER LINE 


BLUESTONE Dam, WEST VIRGINIA; SHOWING THREE Bays 


vacuum apparatus which models stilling basins could tested. With 
the help research student was finally able complete the apparatus 


shown Fig. 16. Fig. view the test chamber. 
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IMPROVED VacuuM APPARATUS 


Professor Thomas’ improved vacuum cavitation apparatus consists 
closed circulation system, the old apparatus; but many other respects 
differs from the old apparatus. The circulation loop vertical instead 
horizontal; and the pump located two floors below the test chamber instead 
the same level. This latter feature eliminates the principal difficulties 
experienced with the previous apparatus—cavitation the pump and air 
leakage the pump packing. ice cooling jacket was also placed the 
vertical supply pipe keep the water fairly constant temperature during 
the tests. Without the cooling jacket, the temperature the water rises 
during the tests, making additional correction the results necessary, 
The test chamber long, 2.5 high, and wide. Air exhausted 
steam ejector located conveniently near the apparatus, the apparatus being 
constructed the steam laboratory the Institute. were provided 
the top and one side the test chamber. The top window removable 
permitting the placing the chamber. This window sealed around 
the edges with modeling clay. Before testing, the water recirculated for 
short time under high vacuum order draw much dissolved air from 
the water possible. Dissolved air has not been found affect the results 
this particular type testing appreciably but does produce cloudy 
appearance the water when released, which makes observation the tests 
difficult. Dissolved air large quantities has been found affect the results 
cavitation tests hydraulic machinery. 


PRINCIPLE VacuuM APPARATUS 


model study utilizing vacuum tank apparatus, all features the 
model are reproduced scale, the case undistorted open-air model, 
except the atmospheric pressure surrounding the model. would seem 
first thought that the atmospheric pressure, being unit force, should 
reduced the same proportion the linear scale the model. This would 
correct, except for the fact that desired simulate cavitation well 
correct pressures the model. the properties water could changed 
conveniently that the water would cavitate, vaporize, at, say, 1/20th 
1/50th its natural vapor pressure depending upon the model scale used, 
would satisfactory reduce the air pressure direct proportion the 
scale. However, inconvenient, not impossible, make water stay 
liquid state until reaches such low pressure. would vaporize long before 
reaching this pressure. The temperature the test water being practically 
the same the prototype water, the test water will vaporize practically 
the same pressure the prototype water, not 1/20th 1/50th this pressure. 
correction, therefore, must added the theoretical air pressure (atmos- 
pheric pressure divided the model scale) make for the impracticability 
changing the vaporizing properties water. 

numerical example the method computing the atmospheric pressure 
section dam has been chosen for the example but the analysis applies 
equally well any hydraulic structure having free water surface. 
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The point question point the downstream face the spillway 
crest (Fig. 17(a)); but the analysis applies equally well any other point 
the surface the structure, including the stilling basin. assumed that 
model this spillway (linear scale ratio 1/30) installed the 
vacuum tank for testing. The problem determine the air pressure 
maintained the test chamber order that cavitation action may simu- 
lated correctly. 

The example has been simplified assuming that the water the model 
will kept constant temperature equal the temperature the proto- 
type water. Later correction will developed take care the case 
which the temperature the test water different from that the prototype 
water. Atmospheric pressure the prototype assumed one atmosphere 
(33.9 water, absolute). 

Assume that point the prototype, Fig. 17(a), there sharp break 
alinement due faulty construction and desired determine the 
maximum head, that can allowed the crest without causing cavitation 
point (The pressure the downstream side spillway crest usually 
decreases with increase head the crest, and sharp break alinement 
this side would result local lowering this pressure considerably below 
the normal pressure for that head.) The head, H,, the head that will just 
cause cavitation start point or, other words, just cause the local 
pressure point reduced the vapor pressure the water, 
Assuming the temperature the water 70° the pressure which the 
water will vaporize 0.838 water, absolute (obtained from 
table vapor pressures). head, H,, therefore, the head which will 
just cause the pressure point reduced 0.838 water, absolute. 

Referring Fig. the model the vacuum tank, equations can 
written for the air pressure, the tank— 


Eqs. the first term the right the equals sign the pressure that 


would exist with the model head, the air pressure the tank 


reduced the direct linear scale ratio the model, 30, and the water 
would stay liquid state until pressure low 0.028 water, absolute, 
reached. Since water 70° will vaporize when the higher pressure 
0.838 water, absolute, reached, pressure low 0.028 cannot 
realized. Therefore, make the water just start vaporize when the head, 
reached, will necessary raise the air pressure the tank the 
difference between 0.838 and 0.028, 0.81 water. This will raise all 
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pressures the model, including that point 0.81 water. The 
pressure point will just reach 0.838 water, absolute, when the head, 
the crest reached. Cavitation, therefore, will just start form 
point when the head, reached, which the condition required for the 
correct simulation cavitation action. 

The term 0.81, has been inclosed brackets Eqs. order 
distinguish the correction factor that must added the theoretical air 


pressure, obtain the correct air pressure pam used the vacuum 


tank. For the case hand, will noted that the correct air pressure 
used the tank 1.94 water, absolute. With this pressure the tank, 
the head the spillway crest can increased until cavitation observed 
begin point and the head which this occurs recorded. When this 
head H,, multiplied the reciprocal the linear scale ratio, 30, the 
result will the head the prototype, which will just cause cavitation 
start point and which, therefore, the head below which the dam must 

Since the air pressure the tank pam has been increased 0.81 water 
over the theoretical, all absolute pressures measured the tank will high 
this amount. Therefore, all measurements absolute pressure will have 
reduced this amount before being converted prototype values. Measure- 
ments relative pressure (differences pressure between the air pressure 
the tank and the pressure given point the model) will not need 
corrected, however, because they are independent the pressure the tank. 
The correctness this latter statement will seen when realized that 
ordinary open-air models the surrounding air pressure considerably higher 
than the theoretical and yet the relative pressure readings are considered 
reliable. 

also desired call attention the fact that, the case spillway 
model such that the present example, the phenomenon separation must 
also considered, since end aeration conditions the prototype may such 
that the nappe would separate from the crest before the vapor pressure 
point reached. was assumed that this would not take place the 
above example. 

The equation for the air pressure the tank, pam, given Fig. can 
expressed general terms (21), follows: 


Pam L, Pap + (1 L,) Po (3a) 


which the vapor pressure both the test water and the prototype water 
the specified temperature. the tentperature the test water different 
from that the prototype water, review the foregoing analysis the 
basis this assumption will show that the following formula applies: 


which the vapor pressure test water; and the vapor pressure 
prototype water. Applying Eq. the foregoing example, will seen 
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The that the correction added the theoretical pressure the difference 

between the vapor pressure the test water and 1/30th the vapor pressure 

the prototype water. 

the will noted Eqs. and the accompanying example that, when the 

very small models, therefore, this factor may neglected great precision 
the results not required and the following approximate formula may used: 


Pam Pap Pom 


The correction added the theoretical pressure Eq. only the vapor 
pressure the test water. 


Pier 
this Trial runs the vacuum tank apparatus demonstrated that this apparatus 
the would accomplish the results desired. preliminary model the stilling 
basin Bluestone Dam was installed the tank and tested under the 
ust maximum discharge conditions which the basin would subjected. Cavita- 
tion showed immediately around the baffle piers. This matter was then 
called the attention the Corps Engineers and arrangements were made 
further tests the Bluestone stilling basin conducted both Carnegie 
Institute Technology and the Waterways Experiment Station 
Vicksburg, with view determining the severity this cavitation condition 
for the complete range discharge which the basin would subjected and 
with view determining remedy for this condition, later considered 
nk. desirable and feasible. The Waterways Experiment Station, working 
with open-air model, concentrated determining streamlined shape 
her baffle pier that would relatively free from cavitation and yet effective 
red baffle pier. Carnegie Institute Technology tests were continued the 
vacuum tank, first more exact model the original basin and then 
various shaped baffle piers, including the streamlined shape developed the 
ust Experiment Station. The results obtained the two laboratories were corre- 
lated the tests progressed. 
The tests the vacuum tank Carnegie Institute Technology will 
the described first. model the original apron design with sharp-cornered 


baffle piers (linear scale ratio 1/48) was first installed the tank and 
tested. Fig. shows the detailed dimensions these baffle piers. The 
action this model the vacuum tank shown Figs. and 19(b). 
Fig. 19(a), the severity the cavitation may judged from the fact that the 


3a) upstream baffle piers (left hand photograph) are completely enveloped 

cavitation pockets. Fig. 19(b) the relatively mild cavitation revealed 
smaller pocket visible the side the closest upstream 

the Inasmuch these tests and those the Waterways Experiment 

Station (to described subsequently) indicated that cavitation around the 

baffle piers the original design would quite severe, was decided investi- 

gate other shapes baffle piers, keeping the same apron length and end sill, 

shape could developed that would relatively free from cavitation 

and the same time effective baffle pier and structurally rugged. 
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the many shapes tested, the most practicable shape appeared the stream- 


lined shape developed the Waterways Experiment Station and shown 


Fig. The same width front face, 6.33 ft, was retained this design, 
the streamlining being added the sides. 


PLAN BAFFLE PIER 


ELEVATION 
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PLAN STILLING BASIN 
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= — 


Figs. 19(c) and 19(d) show the action this modified design for the same 


two discharge conditions shown Figs. 19(a) and 19(b). Cavitation the 
upstream row was completely eliminated this design. The 
streamer around the upstream baffle Fig. 19(c) cavitation vortex well 
out the water away from the face the baffle pier. There cavitation 


visible Fig. 19(d). 


The rounding the downstream top edges these baffles for the purpose 
providing better ventilation the jets water shooting over the tops 
the baffles. This tends prevent cavitation streamer from forming the 


top the baffle and causes leave the baffle does form. The reverse, 
rounding the upstream top edge, encourages the formation cavitation 
streamer and causes cling closer the top the baffle. cavitation 
streamer that leaves the baffle assumed harmless, whereas one that 
clings the baffle considered harmful. 


(a) ORIGINAL DESIGN 
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CELL METHOD 


The tests the Waterways Experiment Station were conducted 
open-air model for which the linear scale ratio was 1/36. Two baffle piers 
each row were constructed with piezometer openings the faces shown 
Fig. These piezometer openings were connected means copper 
tubing heavy metal pressure chamber which was fastened electric 
pressure cell, shown Fig. 20(b). (Fig. shows connection 
pitot tube but the connection piezometer opening identical.) cross 
section one the electric pressure cells shown Fig. 20(c). Several 
these pressure cells can connected single amplifier and oscillograph unit, 
and the pressure several points recorded simultaneously. 

This equipment’ had been developed connection with previous tests 
performed the Waterways Experiment Station (20a) and had been 
found very successful measuring rapidly fluctuating pressures water. 
The cell shown Fig. 20(c) utilizes the induction principle. pressure 
the diaphragm causes deflect and change the air gap causes change 
the current the front coil. These current variations are amplified and 
recorded photographically the oscillograph. Referring Fig. was 
found that considerable length copper tubing could used without 
affecting the pressure readings. 

Typical oscillograph records the pressure fluctuations the original 
Bluestone baffle piers for the maximum discharge condition are shown 
Fig. 21. dashed line has been superimposed each record representing 
prototype pressure absolute zero (33.9 water below atmospheric). 
Pressures below the dashed line are purely imaginary but they have been used 
basis for comparing the severity cavitation the various points and 
for different discharge conditions and baffle shapes. The greater the drop 
below zero and the greater the percentage time that the pressure below 
zero, the more severe the cavitation assumed be. this basis, the 
cavitation piezometer No. (see Fig. assumed the most 
severe. will noted that piezometer No. the side the baffle 
just downstream from the leading edge, the point where cavitation flashes 
become visible first the vacuum tank (see Fig. 19(b)). The maximum pres- 
sure fluctuation recorded this point was about 180 water, prototype 
scale. The pressure was found below absolute zero (prototype scale) 
the average 82% the time. 

interpreting these results, however, kept mind that the 
prototype the pressure cannot drop below the vapor pressure the liquid, 
approximately absolute zero. Therefore, fluctuation large the afore- 
mentioned value could not actually occur the prototype. Some distortion 
the pressure distribution the liquid the vicinity point showing 
cavitation may also occur due the fact that cavitation pockets cannot form 
open-air model—a possibility that may reflect some doubt the accuracy 
pressures measured the immediate vicinity. not such important 
point, however, because, after determined that cavitation will present 
given design, this design usually modified until all tendencies toward 
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cavitation are eliminated. When cavitation pressures are present, all 
measurements are considered reliable. 

Another observation worth noting this point that pressures baffle 
piers are definitely fluctuating, thus accounting for the flashy nature cavita- 
tion observed the vacuum tank. will also seen how futile would 
try determine the minimum pressure baffle pier means 
ordinary manometer tube. This does not preclude the use manometer 
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tubes models where the water less turbulent, however. such cases 
desirable make some allowance for pressure fluctuations. sometimes 
assumed arbitrarily that the pressure recorded manometer should not 
Having definitely determined these tests and those Carnegie Institute 
Technology that the cavitation the original Bluestone baffle piers would 
quite severe, the Waterways Experiment Station undertook develop 
streamlined baffle pier, the result which the design shown Fig. 
The curve used the sides the natural contraction curve jet from 
narrow slit. before, piezometer openings were installed the faces two 
baffle piers each row, and tests were run for the entire discharge range. 
cavitation pressures occurred the upstream baffles and cavitation pressures 
were found the second row about 25% the time for the maximum discharge 
condition. 
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connection with the design the Bluestone stilling basin, the Huntington 
District Office made survey existing dams with baffle piers. Claytor Dam, 
private power dam the Huntington District, was observed have 
dentated end sill, the sides the dentates which had been slightly pitted. 
This dam had just been constructed and was soon thereafter subjected 
large spillway discharge lasting about four days. was thought that this 
experience would provide excellent opportunity make model-prototype 
study cavitaton which would greatly aid interpretation the fore- 
going model study results. the percentage time that the pressure the 
sides these dentates baffles was below the cavitation préssure during this 
discharge could determined, some idea the significance the 25% 
time determined for the streamlined Bluestone baffles would obtained. 

Models the stilling basin Claytor Dam were tested both laboratories, 
and cavitation was observed the sides the baffles during the maximum 
discharge that prevailed during the four-day period. Tests the Waterways 
Experiment Station showed that the pressure the sides these baffles was 
below absolute zero (prototype scale) about 25% the time this maximum 
discharge, agreeing almost exactly with the degree cavitation found the 
downstream row streamlined Bluestone baffles. 

result these tests Claytor Dam, was concluded that pitting 
the downstream row baffles Bluestone Dam would not excessive, 

particularly view the expected infrequency operation the Bluestone 
spillway. The streamlined design shown Fig. therefore, was 
considered satisfactory, provided that these baffles would produce the required 
energy dissipation. Tests were undertaken determine the relative effective- 
ness the original square-cornered baffle piers and the newly developed stream- 
lined design. 

The two lower curves Fig. show the effectiveness the original square- 
cornered baffles. the maximum discharge, satisfactory jump can 
produced with 12-ft lower tailwater elevation than would required 
produce jump level apron without baffle piers. curve tailwater 
required produce equally satisfactory jump was not determined for the 
streamlined baffles but, the maximum discharge, was found that 2-ft 
higher tailwater level was required. Therefore, the streamlined baffles may 
considered equivalent to_10 tailwater depth the maximum discharge 
which still quite effective. This 2-ft additional tailwater depth was pro- 
vided the prototype raising the crest the stilling weir above that 
provided the original design (see Fig. 14). 


The two upper curves Fig. show comparison between the results 
tests made the vacuum tank and those made with the pressure meter. 
These curves represent the tailwater levels required eliminate cavitation 
the upstream row the original Bluestone baffles. The tailwater levels were 
raised each case until, the vacuum tank, cavitation flashes disappeared 
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and, the open-air model, the pressure ceased fall below absolute zero, 


These levels were recorded and plotted the form curves shown 


Fig. 22. The agreement was remarkably close, but such agreement was not 
obtained until some the tests were rerun, was difficult determine the 
exact point the vacuum tank which the cavitation flashes disappeared. 


ecessary 
Eliminate Cavitation 


Jump, Height Curve 


Tailwater Elevation, Feet Above Mean Sea Level 


Discharge, Thousands Cubic Feet per Second 


result these tests Bluestone Dam, was concluded that satis- 
factory results can obtained either method testing—the vacuum-tank 
pressure-meter method. Each method, however, has some advantages over 
the other. The main advantage the vacuum-tank method that the cavita- 
tion can seen and its extent observed. The main advantage the pressure- 
meter method that provides quantitative measure, permitting com- 
parison between different degrees cavitation and enabling the cavitation 
limit determined more accurately and with greater ease. the pressure- 
method, however, necessary know advance the tests where 
cavitation likely occur order locate the piezometer openings properly. 
Also, previously stated, there some question the pressure-meter method 
the effect the failure reproduce cavitation pockets the pressure 
distribution the surrounding liquid. The two methods can used together 
very nicely, however, and this whenever possible. 

Additional comments these two methods testing have been presented 
Thomas and Hopkins (22). 


Several cases actual pitting due cavitation have been discovered 
structures built under the direction the Corps Engineers, the most notable 
which that Bonneville Dam the Columbia River. inspection 
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the spillway this dam 1939, two years after completion, revealed con- 
siderable erosion the concrete which was thought due part cavita- 
tion (29a). Since this dam run-of-river dam, discharge over the spillway 
had been practically continuous. The spillway consists eighteen 
stoney gates concrete ogee section about high. dis- 
charged beneath the gates under head about and stilled hori- 
zontal apron below the level the spillway crest. The horizontal apron 
long and contains two rows baffle piers placed about the third 
points. The total fall from the upper pool spillway apron about ft. 


GATE 
Fig. shows the erosion that was discovered the side spillway gate 


just downstream from the gate. will noted that some erosion has 
also occurred the crest. This typical all gate piers. was not known 
first whether this erosion was due abrasion cavitation. was 
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known, however, that the outside concrete these piers had not attained its 
full strength due cold-weather curing and the use pozzolanic admixture. 
Repair was first attempted, therefore, refilling some the holes with good 
sound gunite made with standard Portland cement, but after another year 
operation the holes were found bad condition before. Repair 
was then attempted placing 3-in. steel plates over the eroded areas, back- 
filled with concrete and anchored the existing reinforcement (29b). Plates 
were placed the crest well the face the piers. This work stood 
fairly well for while but few months began fail. The lower halves 
the pier plate and the crest place some instances have been torn off and 
the concrete has again eroded these areas (29c). 

The cause this destruction has not been determined definitely. Great 
pressure fluctuations the pier face may responsible for the ripping off 
the steel plates. That cavitation also present indicated the appear- 


Dam 


ance the eroded areas the concrete. However, pitting the steel plates 
has not occurred except one instance. this instance, the pitting could 
have been due local irregularities peculiar this particular plate. 
result these observations, would appear that very mild degree cavita- 
tion present, one which will not pit steel but which will pit concrete. 
further observations prove this the case, the final solution this problem 
may replace the plates with heavier plates and provide better 
anchorage that they will not ripped off. However, pitting the plates 
becomes general, may necessary use cavitation-resisting alloy steel 
conduct model tests determine shape gate slot that will not give 
rise cavitation. 
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PIERS 


The submerged spillway bucket and apron Bonneville Dam were in- 
spected diver. Considerable erosion was discovered the floor the 
apron and bucket and all faces the baffle piers surface con- 
crete this part the dam was also known weak due cold-weather 
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(b) PROPOSED REVISION WHEN PIERS ARE REPAIRED 


curing conditions. The baffle piers, however, addition appearing worn 
all over, were deeply cut the sides just downstream from the leading edges, 
indicating that cavitation may have also been factor this erosion. Fig. 
shows two upstream baffles special caisson which was later constructed 


repair some the baffles. Fig. 25(a) shows the layout these baffles the 
spillway apron. 
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order that these baffle piers might properly repaired, was thought 


advisable conduct model tests the vacuum tank Carnegie Institute 
Technology for the purpose determining whether not cavitation had 
contributed the erosion the baffle piers. These tests were undertaken 
1941. model the present spillway apron (L, 1/48) was constructed 
and installed the same vacuum-tank apparatus was used for the tests 
Bluestone Dam (Fig. were run using the operating conditions that 
actually had been experienced during the first two years operation and 
which had caused most the erosion. mild degree cavitation appeared 
the sides the baffles just downstream from the leading edges where the 
deep holes had scoured the prototype, under few the discharge condi- 
tions tested, indicating that cavitation might have contributed this erosion. 

view the mild degree cavitation observed, was decided try 
simple rounding the upstream side edges the baffles determine whether 
this would eliminate the cavitation. The width the baffle piers was also 
increased from 6.5 make for the reduction efficiency caused 
rounding the upstream edges and order facilitate repairs since the 
greater thickness would permit thicker covering good concrete. Radii 
and in. were studied the upstream edges. The 9-in. and 12-in. 
radii eliminated all tendencies toward cavitation and the 9-in. radius was 
selected for use repair. The modified design shown Fig. 25(b). will 
noted that the downstream top edge has also been rounded, the case 
the Bluestone baffles, order provide better ventilation for the jet 
water shooting over the top edge baffle, thus reducing the tendency for 
cavitation form the top. 

Tests were also conducted open-air model this spillway (Z, 1/40) 
order determine the relative efficiency the original and modified baffle 
piers. The original baffles were tested first and the tailwater was lowered 
the point where the hydraulic jump tended leave the apron. These tailwater 
elevations were recorded and plotted curve form shown Fig. (solid 
lines). The tests were then repeated with the modified baffles and the eleva- 
tions recorded (dashed lines Fig. 26). comparison these curves will 
demonstrate that the baffles have about the same efficiency with 6-ft gate 
opening and that the modified baffles are slightly more efficient than the original 
baffles the 12-ft and 20-ft gate openings. The lower the curve the more 
efficient the baffle becomes since jump will take place with lower tailwater 
level. Repair these baffles accordance with the modified design, therefore, 
will not affect adversely the efficiency the stilling basin. 


attempt was made, connection with the Bonneville tests, simulate 
pitting the model. view the mild nature the cavitation that occurs 
the vacuum tank these small models, and particularly view the mild 
nature cavitation around the Bonneville baffle piers, considerable difficulty 
was encountered finding material sufficiently weak pit and yet strong 
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enough resist abrasion the high-velocity water. Several materials were 
tried consisting various mixes cement, sand, and plaster Paris 
Opalite. was found that weak material with hard outside crust was the 
most successful. The hard crust resisted abrasion but would fail under the 
pounding cavitation. Being weak underneath, the material would then pit 
and form cavities such those that occur the prototype. test one 
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DETERMINED 


the original square-cornered baffles, the model had 
equivalent subjecting the baffle pier higher velocities than would exist 
the prototype, order obtain any appreciable pitting. Some pitting 
occurred the sides the baffle just downstream from the leading edge, 
where pitting occurred the prototype (see Fig. 24). These pitting tests 
were not entirely satisfactory, however, and further research this subject 


will necessary before any reasonable degree success possible with this 
small model. 
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ANOTHER EXAMPLE DAMAGE BAFFLE PIERS 


Fig. shows the effect high-velocity flow the baffle piers (height, ft) 
the stilling basin Gatun Dam the Canal Zone. The steel casting re- 
maining place the upstream face the pier and in. thick. The side 
casting, which has been ripped off the flow, was in. thick. The front 


Basin Gatun Dam 


casting was installed with the original baffle piers. The side castings were. 
added later after considerable erosion had occurred along the sides. The side 
plates were anchored into the concrete with 12-in. anchor bolts. The side plates 
were probably ripped off the great pressure fluctuations the sides such 
were measured the model the Bluestone baffles (see Fig. original 
erosion the concrete the sides was probably caused cavitation. 


Certain conclusions the proper location baffle piers stilling basins 
high dams can drawn from the data presented this paper. Square- 
cornered, round-cornered, and streamlined baffles were tested. obvious 
from these tests that the greater the streamlining, the higher will the velocity 
which they can used without causing cavitation. Also, since submergence 
produces positive pressure tending neutralize the negative pressure caused 
high velocities, the depth water over the baffle piers has important 
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bearing the velocity which they will stand. Since velocities are higher and 
depths shallower the upstream end hydraulic jump basin, only stream- 
lined baffles should used this location. Square-cornered baffles should 
used well downstream the apron where velocities are lower and sub- 
mergence greater. The round-cornered baffles are intermediate type. 
Research this subject has not been extended far enough yet enable one 


state just what velocities and submergences each type baffle will stand, 


but hoped that future testing will make this possible. The data presented 
this paper are not intended any way discourage the use baffle piers 
but rather reveal some facts their proper use, because the use baffle 
piers often results more economical stilling basin design and more stable 
hydraulic jump action. 


PITTING SHAFT AND CULVERT 


Two other instances pitting concrete structures built the Corps 
Engineers are interest. Fig. view (looking upward) the erosion 


Dam 


the concrete lining which occurred the bottom vertical shaft high 
Mud Mountain Dam, the State Washington, through which water 
flowed downward direction for period about three months. Computa- 
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tions showed that cavitation probably occurred the top the shaft. Just 
why the pitting occurred the bottom not too clear. Perhaps the vapor 
pockets did not collapse until they plunged into the pool water the bottom 
the shaft. The pitting was about in. deep places. 
Fig. shows two views the pitting that was recently discovered the 
filling culvert Wilson Lock the Tennessee River. Fig. 29(a) shows the 
pitting that occurred downstream from constriction the culvert (note 
points The purpose this constriction explained elsewhere (23). 
Fig. 29(b) shows the pitting the inside sharp bend this culvert near 
its outlet end. 


INSTRUCTIVE LESSON 


interesting example the failure watch for cavitation model testing 
appeared the technical press 1940 (24). ordinary open-air model 
the siphon shown Fig. was constructed and tested. The discharges with 


Top 


103.64 


MODEL 


CAVITATION THE PROTOTYPE 


and without flared outlet were determined. The flared outlet increased the 
discharge the model 30% over the discharge without the flared outlet. 
When the full-sized siphon was built, was also tested both with and without 
the flared outlet. The discharge the prototype was increased only 
the flare. The writer the article attributed this difference cavitation 
pocket that formed point the prototype (Fig. 30(a)) but not the 
model. The lesson one that all designers should take seriously—to watch 
for pressures close the vapor pressure model studies. the pressure 
any point open-air model falls below the vapor pressure (prototype scale), 
the model longer reliable and either the design must changed raise 
all pressures above the vapor pressure, the model must tested vacuum 
tank where the action cavitation can simulated correctly. 


FOR RESEARCH 


Cavitation testing has opened broad field for research. With improved 
apparatus, may possible test models entire structures, under 
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vacuum, instead just parts these structures. Also, having the equip- 
ment, may possible develop general laws for the occurrence cavita- 
tion, say around baffle blocks, below gate slots, curved conduits, siphons, 
and the like, which will useful design. far the writer knows there 
only one vacuum tank suitable for the testing hydraulic structures, that 
Carnegie Institute Technology, and only one set dynamic pressure 
cells, those the Waterways Experiment Station. Perhaps this Sym- 
posium will encourage others undertake useful research along this line. 
Certain full-sized tests also appear desirable. would interesting 
know just how severe cavitation must order damage concrete—that is, 
how large cavitation pocket must.be what frequency collapse neces- 
sary cause severe pitting. would also interesting know how fast 
concrete will pit under various degrees cavitation; also how close the cavita- 
tion streamer must the structure order cause pitting. general 
model-prototype study, wherein identical tests are performed model and 
prototype, would also help interpretation model test results. 
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EXPERIENCES THE BUREAU 
RECLAMATION 


With the trend larger and larger hydraulic structures, cavitation and 
the resultant pitting has become major problem the hydraulic designing 
engineer. Subatmospheric pressures smaller structures were little con- 
sequence, but with the increase head more recent structures, the approach 
subatmospheric pressures absolute zero their limit has created pre- 
viously unheard situations. Experience the laboratory and the field 
shows that prevention cavitation fundamentally function design. 


INTRODUCTION 


Pitting due cavitation not new the Bureau Reclamation, 
Department the Interior. Trouble was experienced far back 
outlet works, but recent examples have been more severe extent due 
the increased head. discussing the arrangement and design outlet works, 
that the difficulties with outlets built the Bureau Reclamation 
can attributed the effects vacuum the conduits below the regulating 
However, was not until recently that pitting has appeared 
the surfaces water passages normally considered open channels. Two 
examples conduit flow are described herewith—the needle valves Boulder 
Dam (Arizona-Nevada) which discharge into the atmosphere, and the balanced 
valve outlets Shoshone Dam (Wyoming) which discharge into short eonduits. 
Two examples pitting open channels are also shown—in the Arizona spill- 
way tunnel Boulder Dam and the spillway pier faces Parker Dam, 
both the Colorado River. 

The remedial measures each case were made possible laboratory 
studies. fact, the occurrence cavitation and pitting the large hydraulic 
structures constructed recent years would more prevalent were for 
the availability hydraulic laboratory facilities. careful exploration the 
pressures within model can detect those conditions which, when transferred 
prototype structure, will cause the intermittent subatmospheric pressures 
producing cavitation. one stage the design the spillway for Grand 
Coulee Dam (26), Washington, dentated lip the downstream end the 
apron eliminated the impingement the high-velocity flow directly the river 
bed downstream from the apron, reduced the scouring effect the turbulent 
flow, and materially reduced the roughness the water surface the stilling 
pool. Minute examination the pressures the faces the dentates 


Engr., Bureau Reclamation, Denver, Colo. 
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model and model showed that cavitating pressures would occur 
the prototype which would have destroyed the piers very short time. 
This condition was the principal factor continuing the laboratory studies 
which resulted the adoption the bucket type energy dissipator. 

The destruction the conduit roof the outlets Madden Dam, the 
Chagres River the Isthmus Panama, pitting from cavitation was the in- 
for complete model study the outlets (27) for Grand Coulee Dam. 
Aside from the criterion efficiency, the emphasis throughout the tests was 
prevent pressures from any point the conduit which would cause 


One the early designs the upper and intermediate outlets 


showed subatmospheric pressures such intensity that, had the design been 
constructed, cavitation would, without doubt, have been severe hamper, 
completely prevent, successful operation. the original design the fact 
was overlooked that the frictional forces the sloping conduit were insufficient 
overcome the accelerating force due gravity, condition which became 


readily apparent the experimental studies. 


There was period prior the Madden Dam incident when was difficult 
demonstrate that cavitation and pitting could occur hydraulic structure 
the same manner has occurred hydraulic machinery such marine 
propellers, turbines, and pumps. With the experiences Madden Dam and 
certain Bureau structures, augmented laboratory investigations, the im- 
portance this cavitation problem fully recognized Bureau engineers. 

The Gaylord-Savage report (25) describes outlet structures and recounts the 
experienced the excessive maintenance due damage from 
cavitation. Although the theory cavitation that time differed materially 
from the current conception, the adverse condition was even then associated 


with extreme pressures. was realized that the erosion 


pitting was action accompanying subatmospheric pressures, but the cause 
was not completely understood. first the pitting was believed 
direct result the making and breaking the vacuum the immediate 
vicinity. 

now the case, one the most practical remedies applied the dis- 
charge conduits installed early periods was the introduction air immedi- 


ately below the regulating device. Air was admitted the discharge conduit 
ina number instances during the first years operation, but, the light 
tests made recent years both model and prototype struc- 


tures, doubtful the air supply most cases was either adequate 


properly installed. The location the air inlets the conduits often more 
important than the size. Thus, improper location might have been one 
the main factors contributing toward failure some the early systems. 


Streamlining the needle tips considered the only practicable means 
damage this part the valve; however, damage could 
minimum restricting the valve operation noncritical openings 
determined detailed pressure measurements the prototype model 
tests, both. 
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NEEDLE VALVES 

Initial operation Boulder Dam and Alcova Dam, Wyoming, produced 
severe erosion the needle valves the outlet structures which was expensive 
maintain, since the valves were not readily accessible. The type damage 
shown the needle Figs. and 
32. this case, the damage was 
relatively short time. 
Detailed records are not available, but 
the time was probably about one month 
the one-half open position with 
head 145 ft. 

Piezometers installed the nozzle 
one the 72-in. valves Boulder 
Dam showed pressures near absolute 
zero zone (Fig. 33) immediately 
upstream from the region erosion 
pitting throughout the entire range 
the valve. Since the installation 
pressure equipment one the 72-in. 
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Water Pressure 


Relative Positions Needle 


VALVE needles would have been intricate, 
Low needle valve with exit 
PERFECTLY WITH THE diameter in. was installed for test- 


ing one the tunnel-plug outlets 


Boulder Dam. The pressure distribution the needle and nozzle shown 
Fig. for various openings the valve under constant head 150 ft. 


Relative Positions 


Zero Pressure Line 


Relative Positions 


Scale Water Pressure 


THE PRESSURE MEASUREMENTS AND PITTING OBSERVED THE PROTOTYPE 


general, the pressure conditions were most critical valve opening 
approximately 40%. The results wear test (Fig. 35) are shown after six 
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days operation under total head the valve 460 with the valve 
opening 40%—the severest condition. 
ive 


number designs were studied the laboratory using the same 5-in. 


and design was developed which produced positive pressures all 
openings and all heads. This design, when subjected wear test, 
the same conditions the original design (except opening 20%, 
the opening which the severest conditions occurred), showed sign pitting 
the needle after eighty-four days operation (Fig. 36). 


VALVE, ACCORDING THE ORIGINAL VALVE, ACCORDING THE IMPROVED 
AFTER Days OPERATION AFTER Days OPERATION 


The original design nozzle had expanding water passage which tended 


lower the velocity and cause regain velocity head. This yielded higher 


discharge but created low-pressure areas the valve. When forces the low- 


pressure areas were sufficient intensity, they produced cavitation with the 


accompanying pitting. 
From the high-head studies the 5-in. valve, certain specifications were 


maintain positive pressures the needle and nozzle the valve 


all openings. The angle between the needle and the nozzle must not 
divergent the direction flow. The needle and nozzle profiles may 
parallel and still maintain positive pressures, but convergence one three 
degrees preferable. The seat must the tangent portion the needle; 
that is, the base diameter the needle cone must slightly larger than the 
outlet diameter the nozzle. The valve nozzle should have point 


inflection; should have sharp edge maintain the minimum section 
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the outlet the valve nozzle and should permit free access air the jet 
the point emergence. 

The high-head studies the 5-in. valve gave positive proof that the 
valves were pitted cavitation and that elimination the severe 
pheric pressures causing the cavitation was possible the redesign the 
hydraulic passages the valve. eliminating the low pressure 
sharp-edged nozzle the improved design the discharge capacity was reduced. 

Using 6-in. valve equipped with piezometric taps throughout the profile 
the needle and the nozzle, the design was altered further increasing the 
outlet and equatorial diameter and the needle travel until combination was 
found which the cavitating pressures were absent over the entire range 
valve opening (Fig. 37) and the discharge capacity was comparable that 
the original valve. 
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NEEDLE VALVE, DETERMINED FROM 6-IN. MopEL 


Although the new design has not been used field structure, the satis- 
factory operation the 5-in. valve with positive pressures throughout, 
head 460 eighty-four days, indicates similar satisfactory operation 
larger valve the new design. designed for Friant Dam California, the 
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lower outlet tunnel the south canyon 120 240 


were installed May, 1915. Although 


considerable maintenance the installa- 
tions Roosevelt Dam, Arizona, and 
Pathfinder Dam, Wyoming, was 
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valve Fig. has inlet diameter 110 in. and outlet diameter 
105 in. 

Subsequently, sharp-edged nozzles were installed certain valves 
Boulder Dam and the pressure results show marked improvement distribu- 
tion (Fig. 38). Field reports indicate minimizing pitting those valves 


Operation the valves with 


the original nozzle shape openings 
where the subatmospheric pressures were 


less severe, indicated model tests, 
has also tended reduce the amount 
pitting. 


SHOSHONE BALANCED VALVES 


The 58-in. balanced valves in the Zero Pressure Line 


wall Shoshone Dam, near Cody, Wyo., Zero 


this type valve had already required 


THE 72-In. NEEDLE VALVES 


design. 


The valves were operation only few seasons when became evident that 


seasonal maintenance similar that the older installations would re- 


quired. Pitting the downstream faces the valve needles and severe 
damage the discharge conduit walls immediately below the valves occurred 
during extended periods operation. Patching with various materials 


filling the pitted areas arc-welding with different metals was avail. 


With few exceptions the patches eroded more rapidly than the parent metal. 

attempt was made relieve the Shoshone situation 
installing twenty-four 2-in. pipes and 8-in. air duct below each valve (Fig. 
marked increase the intensity the noise accompanying the 
discharging water resulted, and the experiment was considered unsuccessful. 
Because the failure the vent system, resort was made the original method 


maintenance and the valves were used little possible. The pitting was 
serious and the repairs inadequate, but more practical method repair 


not apparent. 


During the season 1942, the valves Shoshone were operated almost 


capacity over extended period order regulate flood flow and 


prevent crop damage downstream. Damage the outlet structure was severe 
and maintenance measures became critical. 

The concrete for several feet downstream from the metal lining each 
conduit had been eroded severely and most the twenty-four 2-in. pipes 


embedded the conduit during the 1931 revision had been torn out the 
eroded area (Fig. 40(a)). The (high-test gray iron) conduit liner 
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below the valve was pitted severely and the face the needle (Fig. 40(b)) had 
badly pitted areas (by operation previous years) which several kinds 


2-In. Dam: (a) Nent 52-In. Conduit Facing Down- 
stream from the East Valve; (b) East Conduit 


metal had.been tried—none satisfactorily. The areas greatest pitting were 
below and above the valve guides, where only 3/4 in. the original in. 
parent metal remained, The extensive welding previous years, the 
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needle face, apparent Fig. 40(b). The end the metal liner was cut off 
1931 when the present installation was made. 

Hydraulic laboratory model studies were made evolve means mini- 
mizing eliminating the severe damage, reduce the unreasonably high 
seasonal maintenance, and remove the danger possible failure the 
water-release system. This problem involved extensive study the pres- 
sure distribution the valves and the discharge conduits. 

Three alternatives were developed: (a) The range valve opening was 
determined which damage would minimized until materials, unobtainable 
due wartime restrictions, become available; (b) redesign (Fig. 39(b)) was 
developed which adverse pressure conditions were eliminated over the entire 
range operation, but some sacrifice the discharge capacity; and (c) 
modification the present installation (Fig. 39(c)) was developed which 
pressure conditions were acceptable over range valve opening from 25% 
100% with reduction the discharge capacity. 

The model tests showed that the present prototype vent system in- 
adequate prevent cavitation for all except very small range valve 
openings. Insufficient air supplied between 23% and 70% openings, and 
some the 2-in. vent pipes the invert and crown become ineffective 
openings above 85%, due eddies forming immediately downstream from the 
V-guides. These conditions precluded safe operation the present installation 
ranges valve opening other than 70% 85%. Studies the present 
installation indicated that the pitting the valve needles was most severe 
between openings 14% and 25%, and that damage the conduits resulted 
between 23% and 70% valve opening. The damage the conduit these 
openings probably rendered the air-supply system ineffective and aggravated 
the destructive action for larger valve openings. 

Damage cavitation and pitting the valve needles and discharge 
conduits can eliminated entirely major revision (Fig. 39(b)) the 
needle tip, the valve seat, the conduit throat, and the aeration system. This 
solution will reduce maintenance costs minimum and the valves can 
operated any opening without fear damage due subatmospheric 
pressures; but will reduce the discharge capacity approximately 20%, 

Minor alterations the present structure (Fig. 39(c)) will involve: (a) 
Streamlining the sealing edge the plunger; (b) removal part the 
bronze sealing ring chipping and grinding; (c) removal the throat liner; 
and (d) revamping the air-supply system. Aeration equivalent three 
12-in. ducts would adequate this arrangement, but slightly more area was 
recommended information air requirements high-velocity flow 
limited. Operation this modified design openings smaller than 23% will 
have avoided prevent damage the needle. The discharge capacity 
not affected noticeably the modification. 

Since materials have been unobtainable make either the minor alterations 
the major revision, the valves were operated during the irrigation season 
the valve-opening range which the subatmospheric pressures were the 
least severe. After thirty-five days operation 75% opening, the valve 
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itself showed evidence additional pitting, and very small amount 
pitting had occurred the extreme top the discharge conduit. Forty-seven 
days operation opening 1942 had caused the damage shown 
Fig. 40. 

Dam 


The spillway Parker Dam has five 50-ft 50-ft stoney gates pass the 
‘flood waters. These gates were also used for passing the flow the river 
during the low-water season, particularly during the early years operation, 
before the power plant was completed. result this early scheme 


= 


the gates were operated continuously over long periods, with rela- 
tively small gate opening and head above the spillway crest from 
ft. 

eroded condition, similar that the spillway faces Bonneville Dam 
described previous paper, began develop the faces the spillway 
piers and the spillway crest immediately downstream from the gate slot 
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(Fig. 41). first appeared below the gate which had the longest record 
operation, but there was evidence downstream from the other gates. 
Subsequent operation the other gates had gradually developed the same 
pattern all ten the pier faces lesser degree intensity. 
inspection approximately yearly intervals discloses some increase the 
extent the area and depth the erosion, but not sufficient cause undue 
alarm, particularly since the power plant has been placed operation and 
most the low-water flow passes the dam through the turbines. 

Model studies were undertaken reveal the cause and means eliminating 
pitting Parker Dam and prevent future installations. Incompleted 
studies, including all possible circumstances, have revealed several points 
interest. The use transparent models revealed cavitation under the end 
the gate the gate slot result vortex. Pitting, caused the 
collapse the low-pressure pockets breaking away from the bottom the 
vortex, the only logical explanation the damage the pier face. 

similar installation Guernsey Dam, Wyoming, showed signs 
erosion the spillway face even though the gate has operated the same 
range for long period This naturally raised the question why 
erosion Parker Dam and not Guernsey Dam. 

The gate slot Guernsey Dam considerably larger (Fig. 42) horizontal 
cross section than the gate slot Parker Dam. result, the vortex the 


LEGEND 


Parker Gate and: 


Gate 
and End 


Wedge Deflector 
Installed 


Deflector Consisting 
Spillway Pier Face 


Degree Segment 
8-Inch Extra Heavy Pipe 
Flow 


THE GATE RECESSES GUERNSEY DAM AND Dam, SHOWING THE 
THE DEFLECTORS PROPOSED REMEDIAL MEASURES PARKER 


gate slot Guernsey Dam was large and slow rotation with appreciable 


reduction pressure the core, whereas with the smaller cross section the 
gate slot Parker Dam, the angular velocity was high with very small core 
and very low pressures the core. the case the cavitation zone 
downstream from venturi throat, the flow condition was unstable and low- 
pressure pockets broke away from the bottom the vortex. Some the 
pockets collapsed against the boundary surface, resulting the destruction 
the concrete and metal. 

According the present conception the condition, the solution appears 
the elimination the vortex. This can done number ways, 
none which universally applicable. the case Parker Dam, 
proposed install wedge-shaped deflector (Fig. 42) upstream from the gate 
sufficient extent deflect the flow water under the gate away from the 
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downstream corner the gate slot, thus negating the formation the vortex. 
additional curved deflector consisting 90° segment 8-in. extra 
heavy pipe fastened the metal the downstream side the gate slot will 
further deflect the flow away from the pier face and provide aeration down 
the spillway crest. Another solution, practicable where the spillway crest 
sufficiently far above the tailwater provide drainage, the extension the 


‘end beams the gates down into wells the spillway crest, thus making them 


continuations the gate slots. These gate-beam extensions will then serve 
followers and will fill the gate slot the gate raised, providing continuity 
the spillway pier face. the case gate high, the follower con+ 
sidered structurally feasible lengths ft. The model studies indicated 
that follower length from all that necessary, since the 
occasion and duration operation the larger openings are infrequent and 
short. 

Insertion steel plates the piers the areas pitting, was done 
the spillway piers Bonneville Dam, also solution, but one remedying 
the effect rather than removing the cause. 


Dam TUNNEL 


The channel spillway the Arizona side Boulder Dam was first placed 
operation August 1941. August 14, 1941, the drum gates were raised 
for few hours and hurried inspection was made the tunnel. Little 
sign erosion was apparent. Operation the spillway was continued until 
December 1941, which time, because the lowering the reservoir 
elevation, was necessary start release water through the tunnel plug 
outlet needle valves. During the four months continuous operation, the 
average flow was approximately 13,500 per sec, except for several hours 
October 28, when one the drum gates dropped and the maximum flow 
was 38,000 per sec. 

During routine inspection the spillway tunnels December 12, 1941, 
eroded area was discovered the bottom the curve connecting the 
inclined and horizontal portions the spillway tunnel (Fig. The hole 
was approximately 115 long and wide, with maximum depth 
below invert grade. 

The repair (Fig. the damaged area has been described elsewhere 
chief concern here attempt analyze the cause the erosion. 
number theories have been advanced. the opinion the writer, the 
primary cause was misalinement the tunnel few feet upstream from the 
upper end the eroded area. With extremely high velocity down the in- 
clined portion the tunnel (at least 150 per sec), the stream 
the invert profile down the hump; but flowed over the hump, the water 
could not follow the sudden change grade and cavitation region formed 
between the sheet flowing water and the concrete. The pressure that 
region was the vapor pressure the water, but since this condition was very 
unstable, the low-pressure pocket cavity intermittently passed downstream 
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the region higher pressures, collapsed and disintegrated pitted the con- 
the position the rope Fig. 44. 


THE TUNNEL THE ARIZONA Dam: (a) Eroded 
Area After Unwatering; (b) After Completion Repairs 


With the surface the concrete broken the pitting over relatively small 
area, the high-velocity water had grip the concrete and destruction 
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impingement started. Imperfections the concrete, such rock pockets, 
cold joints, porous areas, lack bond, etc., all made the concrete more 
vulnerable this attack impingement. Furthermore, the impingement 
the high-velocity water any exposed joints would cause the energy the 
water converted from velocity head pressure head. This pressure was 
probably transmitted through the planes weakness the construttion joints 


FROM THE MISALINEMENT THE TUNNEL THE 
END THE AREA 


caused lack proper horizontal joint cleanup prior placement new 
concrete. The concrete, being weak tension, was dislodged manner 
similar freezing concrete and the resulting expansion. The concrete was 
probably dislodged quite large pieces. After the concrete lining was ripped 
away, the shattered rock underlying fault was dislodged and transported 
away the water. The shattered rock the fault contributed the extent 
the erosion and not the cause. After the surface was broken the 
pitting and the joints were exposed direct impingement, the sheet high- 
velocity water down the tunnel invert acted mammoth hydraulic giant. 
The pitting the concrete surface downstream from the hump analogous 
wound. Infection followed which was aggravated the weaknesses 
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the concrete and the shattered condition the underlying rock. Under the 

conditions misalinement which existed critical position the inclined 

tunnel, doubtful that any material could have withstood the effects 

cavitation indefinitely. course, perfectly sound homogeneous concrete 

underlying rock would have greatly reduced the extent the erosion. 

the reck pockets, cold joints, and other porous areas the invert are 
assumed the primary cause failure, difficult explain why the rock 
pockets immediately above and below the hump have not been the source 
erosion, since the velocity the water all three points for all practical 
purposes the same. Actually, the coat black waterproofing and Valle 
deposit was intact many places, showing effect direct scouring the dam: 
high-velocity water immediately above and below the eroded area. tures 

making the repairs the tunnel, aside from providing concrete having 
the most suitable qualities practicable, extra effort was made 
smooth continuous surface with humps depressions. Two major humps 
and several minor humps the invert above the eroded area were entirely 
eliminated bushing and grinding, using template cut the true radius 
curvature. Rock pockets were cleaned, patched, and then ground conform 
the surrounding concrete. Accumulations grout and mineral and 
were removed. The surface new concrete the eroded area was finished 
carefully produce sound, continuous, uninterrupted surface. The surface 
was given final grinding with small terrazzo machine remove board marks 


and objectionable offsets, leaving extremely smooth surface. Minor bulges 
the surface were removed bushing followed grinding, using template 
cut the correct radius curvature. Considerable care was used grinding 
the surfaces adjacent the old concrete lining remove all offsets and other 
irregularities. 


These illustrations are typical situations which should avoided de- 
signing engineers. Other such examples must exist. these could brought 
light and explained the discussions this Symposium, they would bes 
definite contribution. Since experience seems the principal source 
knowledge, those the profession who are intimate with the effects, 
though they have attained that knowledge the hard way and some 
the embarrassing way, should impart their experiences that wide variety 
instances can available avoid repetition the future. 
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EXPERIENCES THE TENNESSEE 
VALLEY AUTHORITY 


This paper describes cavitation damage experienced the Tennessee 
Valley Authority (TVA) the sluices Norris Dam, the repairs made the 
damaged areas, and the steps taken prevent similar damage other struc- 

tures built the Authority. 


CaviTaTION Entrance, Norris Dam 


July, 1945, TVA had experienced cavitation only one its 
structures, Norris Dam, Tennessee. The sluices through the base Norris 
Dam are similar design those Madden Dam, the Isthmus Panama, 
and were under construction the time the damage the Madden sluices 
wasdiscovered. attempt prevent similar damage the Norris sluices, 
the entrances were bellmouthed the addition half-doughnut-shaped 
structure the upstream face the dam. Fig. shows vertical and hori- 
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sections through the Norris sluice entrance. The conduit in. 
wide and high and lined above and below the gates with 
(high-test gray iron). Below the liner the conduit was laid out along the 
trajectory the jet that the discharge would enter the bucket tangent. 


Hydr. Engr., TVA, Hydraulic Laboratory, Norris, Tenn. 
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Fig. shows the hydraulic grade line for discharge 5,150 per sec and 
indicates that the pressure the vicinity the gates relatively low, con- 
dition favorable cavitation. will noted that the low outlet contributed 


the low hydraulic grade line the entrance. 

When the sluices were placed operation with the pool El. 1028, the 
time the release flood water 1937, with gates fully open, pronounced 
cracking snapping sound was heard. seemed originate somewhat 
upstream from the operating gallery the vicinity the sluice 
When the gates were closed 0.4 ft, giving net opening 9.6 ft, the noise 
stopped. believed that this noise was caused cavitation occurring 
the sluice entrance. inspection made diver January, 1938, showed 
that the sluices had not been damaged. The absence damage, however, 
does not eliminate the possibility cavitation. Accurate information the 
discharge the Norris sluices not available but the best data hand indi- 
cate that, with the reservoir El. 1028, the discharges for gate openings 
10.0 and 9.6 were 5,310 and 4,920 per sec, respectively. Tests ona 
model the Norris sluices, made the TVA Hydraulic Laboratory Norris, 
Tenn., showed that, with discharge 5,310 per sec, the prototype 
pressure corresponding the model pressure immediately below the emergency 
gate slot the roof the sluice would have been below atmospheric 
such pressure were physically possible. They also indicated that cavitation 
should stop when gate closure reduced the discharge 4,850 per sec. The 
agreement between this value and the probable discharge 4,920 per see, 
which the noise stopped, seems too close accidental. evident 
from the tests that the half-doughnut-shaped entrance structure was not satis- 


Liners, Norris Dam, TENNESSEE 


% 


Hours Operation the Fol- Hours Operation the Fol- 
lowing Gate Openings, Feet: Depth lowing Gate Openings, Feet: Depth 
low gate low gate 


slot (in.) 


slot (in.) 


in. in. 


factory eliminating cavitation long the emergency gate slot allowed 
the passage water past the sharp upper corner the entrance. 
tests showed that the low-pressure area could eliminated partial closure 
the emergency gate slot. 


9.3 10.0 9.3 
123 509 658 674 777 1,380 2,831 
285. 196 485 323 221 553 Slight 
220 983 1,268 659 916 1,578 3,153 
Tee 424 46 35 505 0 480 60 41 581 Slight : bes 
380 401 Slight 210 212 1,006 1,428 Slight 
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The sluices are lined above and below the gates with castings so-called 
gray iron. April, 1937, the liners below the sluice gates were inspected for 


Sectio 


evidence damage due cavitation. Table summarizes the results 
this inspection. gives the hours operation for gate openings 
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5.0 ft, 5.1 9.3 ft, and 9.4 10.0 ft, and the depth and location the 
deepest pitting below the gate slot. similar inspection was made February, 
1938, and the results this inspection are given Table The mean 
velocities during the period operation varied between approximately 
per sec and 100 per sec, depending the reservoir elevation. 

Table demonstrates that the damage the liner was progressive, in- 
creasing with the length time the sluices were operating. every case the 
depth pitting was greater 1938 than 1937. Fig. shows the pitting 
that occurred the right side sluice No. 47(c) detailed view 
the region indicated Fig. 47(a). Similar pitting occurred the left side 
the sluice. these illustrations interesting note that, although the 
liner was pitted depth great 3/4 in., the bronze gate seat appeared 
undamaged. 

attempt was made correlate the maximum depth pitting with the 
time operation. Fig. shows the maximum depths pitting plotted 
against the total time operation for each sluice, taken from Table 
1.00 


(b) OPERATION 


PARTICULAR 
0.75 GATE OPENING 
Ss 
£ 
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Thousand Hours 


general, there was definite increase the depth pitting with the total time 
operation. The correlation not too good, however, and was thought 
that the depth pitting for the total time operation might not sig- 
nificant the depth resulting from operation particular gate opening. 
Fig. the maximum depth pitting has been plotted against the time 
operation for the corresponding gate opening, defined Table which 
the location the pitting given. Where the location the maximum depth 
pitting was not given, was assumed that the depth was more less 
form. The depth was plotted against the maximum number hours for any 
one group openings. The correlation does not seem much improved. 
probable that the breakdown operating time not detailed enough 
significant. 


IRREGULARITIES LINER DUE CAVITATION 


Damage due cavitation was noted not only below the gate slots but also 
downstream from the weep holes and the irregularities the joints the linet 
sections. Fig. illustrates the pitting that occurred below the weep holes. 
Fig. illustrates the effect slight projection into the sluices one 
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the joints. Fig. 49(c) shows the damage that resulted from slight mis- 
matching the liner sections one the joints. evident from these 
photographs that any irregularities, either depressions projections, are 
sufficient cause cavitation and pitting. 


Norris 


The inspection February, 1938, showed that some repairs the sluice 
liners were necessary. The repairs were made follows: All damaged parts 
that had been pitted depth more than 3/16 in. were chipped out 
minimum depth 1/4 in. The affected area was then built the origina! 
surface, welding, and then ground smooth. The material used was chiefly 
mild steel but small areas were repaired experimentally with other 
resistant materials. Damaged parts that had been pitted depth 
than 3/16 in. were repaired grinding the damaged part and any adjacent 
bumps offsets, care being taken leave only smoothly curved surfaces. 
Weep holes the side walls were plugged mild steel studs, driven tight, 
cut off flush with the surface, welded around the edges, and ground smooth. 
order remove one the causes cavitation was decided raise the 
hydraulic grade line the entrance constricting the outlet. This was done 
adding concrete block in. thick the top the sluices the outlet 
shown Fig. 46. This constriction reduces the capacity the sluices when 
operating full gate opening but has effect smaller gate openings. The 
hydraulic grade line for full gate opening shown Fig. for comparison 
with the original grade line. Three the eight sluices, Nos. and were 
constricted this manner and the remainder were left their original form. 
After sufficient period operation, all sluices will inspected 
termine the effect the constriction preventing cavitation tendencies and 
the repairs preventing pitting. Sluice discharges since these repairs were 
made have been very infrequent and inspection had been made 
July, 1945. 


Model tests were made all sluices built the TVA subsequent the 
construction Norris Dam. These included Hiwassee, Cherokee, Douglas, 
and Fontana dams. 

Hiwassee sluice through Hiwassee Dam circular section 
with diameter 8.5 ft. Ring follower gates were used eliminate the 
possibility cavitation the gate slot. The hydraulic grade line was 
was necessary because the sluices slope downward rate 
possibility cavitation the entrance was investigated means 
The entrance and portion the sluice barrel were built scale 
row piezometers was placed along the crown the entrance, special 
tion being paid points change curvature. The shape the 
was bellmouth. Three different forms were tested. The one 
the lowest pressures for the normal range operation were nearly 
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was selected. Fig. shows the form the entrance was built. 
number piezometers were installed the prototype structure locations 
similar those the model. Observations these piezometers indicate that 
the pressures existing the prototype are very close those predicted the 
model. has been indication any cavitation tendencies. (The 
dotted lines Fig. 50(a) indicate the presence metal liner this sluice.) 


Madden Dam 


Cherokee, Douglas and 
Fontana Dams 


Hiwassee Dam 


Cherokee, Douglas, and Fontana Dams.—The sluices through Cherokee Dam, 
Douglas Dam, and Fontana Dam (see Fig. 50(b)) have the same cross section 
those Norris Dam. The Norris gate design was used, making unneces- 
sary design new gates for these dams which were built emergency 
schedules. The entrances and outlets, however, were modified avoid the 
difficulties experienced Norris. 

Tests were made scale model the entrance the discharges 
expected the operation the dams. Pressures were measured two 
piezometers, one row along the center line the-roof and the other 
the roof adjacent the side wall. was found that the lowest pressures 
occurred the corners rather than the center line. This interesting 
view the fact that the damage reported the Madden sluices, which 
the entrance shape was quite similar (see Fig. the deepest pitting was 
the side walls just below the roof rather than the roof itself. Since the 
cross sections the sluices for Madden Dam and Cherokee Dam are identical, 
the test results may accepted indicative actual pressure conditions 
the Madden sluices. 

produce satisfactory operating conditions the ‘spillway apron, the 
outlets for the Cherokee and Douglas sluices curve downward and the 
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side walls are flared. The area was reduced 15% the outlet raise the 
hydraulic grade line the entrance. model the outlet was built 
and piezometers were placed the floor and side walls the 
curved part determine whether pressures might low enough induce 
cavitation. low pressures were found. 

Piezometers were installed similar locations the entrance and outlet 
both the Cherokee and Douglas sluices check the results the model tests. 
Preliminary observations the sluices both dams indicated that reason- 
ably good agreement with the model tests exists. Final figures the proto- 
type pressures will not available until the sluices have operated enough 
establish reliable discharge calibration. 

Morning-Glory Holston South Holston and 
Watauga projects have morning-glory spillways discharging into deep vertical 
shafts and horizontal tunnels. The circular spillway crest was designed 
according the results tests (30) reported Cecil Camp, Assoc. Am. 
E., and Howe, Am. Soe. E., 1939. Piezometers were 
installed the spillway face and various locations the shaft and tunnel. 
negative pressures were found. planned install piezometers 
corresponding locations the prototype structures check the 
model tests. 

Venturt Type Lock Filling Ports—Pickwick Landing and Watts Bar Dams.— 
Many the locks the Tennessee River are filled means culverts 
the lock walls discharging through ports opening into the lock chamber. 
most cases, the ports have bellmouth entrances and flaring outlets. The 
result considerable reduction pressure the throat section. 
possible, therefore, that cavitation conditions may exist the throat these 
ports the beginning the filling period when the water level the lock 
chamber low. Tests made the lock Pickwick Landing Dam showed 
that the minimum pressure the throat one port during filling was 9.6 
below atmospheric. the time the test, the tailwater was 3.0 above its 
expected minimum elevation. The hydraulic grade line the port throat was 
26.6 below the water surface the lock chamber. Model tests the Watts 
Bar lock showed that pressures below atmospheric existed one the 
ports for short time the beginning the filling period when the tailwater 
was low. The pressures found these two locks not indicate that serious 
cavitation may expected, since the minimum tailwater occurs only when 
the downstream reservoir being drawn down advance 
tion may thus occur during only very small part the time, and believed 
that damage these locks negligible nonexistent. The tests show, 
however, that cavitation may occur. This possibility should always 
investigated. 


SUMMARY 
Operation the Norris sluices indicated that, full-gate opening, 
tion might exist. Damage the sluice liners actually occurred wherever the 
smooth surface the liner was broken either projection depression. 
The depth pitting was related the time operation. 
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Repairs were made the metal liner grinding and welding, using several 
pitting-resistant materials. Pressures the affected region were raised 
constricting the sluice outlet. 

Cavitation was prevented the sluices Hiwassee, Cherokee, Douglas, 
and Fontana dams making model tests the sluices and modifying the 
curvature the entrance until the pressures all points were high enough 
avoid cavitation. Pressures were also raised constricting the outlets. 

Other structures the Authority, including the spillways the proposed 
Upper Projects and the ports the lock filling systems the main 
river dams, were investigated for possible cavitation troubles. 
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DISCUSSIONS 


TRANSPORTATION SUSPENDED SEDIMENT 
WATER 


Discussion 


VITO VANONI 


Viro Assoc. Am. Soc. subject secondary 
circulation was discussed considerable length several individuals, although 
was not considered primary importance the paper and little space was 
devoted it. writer especially appreciates the scholarly presentation 
the subject Professor Nemenyi, who covered tremendous amount 
material, some which not readily available American engineers. 

Professor Nemenyi advances the opinion that the problem sediment sus- 
pension essentially three dimensional and that secondary circulation 
factor prime importance and therefore one which must studied insure 
sound progress solving the sediment problem. There doubt that 
secondary circulations exist sediment-laden flows, and there also every 
reason expect that circulations will affect the sediment suspension process. 
The important question this stage the development the science the 
extent which circulation affects the phenomenon. the circulation 
first-order importance, even approximate results probably cannot obtained 
without taking the circulation into consideration. the other hand, there 
always the possibility that the effect relatively minor and that good, workable 
answers can obtained from theories that not give any consideration 
the circulation. The engineer, who interested obtaining results that can 
applied field problems probably assumes that the circulation second- 
order importance and neglects until experience shows that circulation must 
considered. the other hand, problem intriguing from purely 
scientific point view, and one may tempted devote considerable time 
The writer inclined adopt the point view the engineer and 


paper Vito Vanoni was published June, 1944, Proceedings. Discussion this 
has appeared Proceedings, follows: December, 1944, Ralph Powell, and Van Driest; 
ebruary, 1945, Weston Gavett, and Berard Witzig; March, 1945, Kalinske; and June, 
1945, Paul Nemenyi. 
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neglect circulation, least temporarily. Channel resistance flow, like 
sediment suspension, also depends the process turbulence exchange; yet 
usable, practical friction formulas, like the Manning formula, have been ob- 
tained without considering circulations. Because one flow formula can 
used for all cross sections considering the hydraulic radius the depth 
parameter the flow thus far, least, has been possible neglect the shape 
factors and resulting differences circulation and still obtain usable results, 
This does not mean that investigations sediment transportation careful 
attention should not given secondary circulation and the possibility 
that may factor the first-order importance. The attitude merely 
that this factor may neglected until there proof that not negligible. 
The writer’s interpretation also accompanied sincere hope that secondary 
circulation does not prove important factor. Investigation this 
factor would very tedious, time-consuming task accompanied the same 
difficulties were the investigations turbulence which have occupied 
many engineers during the past several decades. 

Professors Nemenyi and Powell appear agree that the nonuniform dis- 
tribution sediment across the flow the result, rather than the cause, 
circulation, suggested the writer. The capacity stream suspend 
sediment not uniform across its width. Therefore, the amount suspended 
various points cross section will different. Thus, density gradients 
forces are produced that can appreciable magnitude and will tend cause 
correspondingly appreciable cross flows circulations. These forces will 
added those which normally cause circulation clear flows and the result 
will modified circulation pattern. The writer’s objective mentioning 
the subject secondary circulations the paper was call attention the 
fact that such density gradients occurred streams carrying material 
suspension and that these gradients could contribute the circulation. The 
writer believes that the gradients set uneven distribution sediment 
may cause circulations even greater than those occurring clear flows, although 

merely opinion without any quantitative data substantiate it. 

Professor Van Driest suggests that the discrepancy between the theoretical 
exponent the sediment distribution equation, and the empirical exponent 
may part, the transfer sediment across the flow caused 
concentration gradient that direction. This undoubtedly How- 
ever, the writer does not believe that the effect would all important 
measurements made near the center the flume, the flume width was almost 
five times the maximum depth flow.’ Professor Kalinske and Mr. Witzig 
believe that the discrepancy between exponents and can explained 
secondary circulations. The writer believes that the discrepancies can 
explained terms other factors that are more important and that have 
more effect the flow. These ideas are outlined conclusions and 
Mr. Witzig questions the method deducing the circulations presented 
Fig. 15(c). will noted from Fig. that the sediment concentrations 
about the quarter points are higher than other parts the section. 
Because the higher sediment concentrations, the fluid these sections would 
heavier than the fluid other sections and, therefore, would tend sink 
and start the circulations indicated. 
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From analysis the data the paper, Professor Powell concludes that 
sediment the flow tends reduce the roughness, although relationship 
evident between roughness and sediment load. This conclusion agrees with 


the ones advanced the writer. 
Fig. shows additional data 
the effect sediment the 
flow obtained the writer from 
experiments made subsequent 
those reported the paper. 
These measurements were made 
the flume with slope 
0.0025, bottom roughness 
0.88-mm sand, flow depth 
0.295 ft, and varying amounts 
suspended load, with sedi- 
mentation diameter, 0.100 
mm. Fig. 24(a), giving the 
Manning roughness factor, 
function the average sedi- 
ment concentration, shows 
clearly that the roughness de- 
creases the increases. 
The experiments reported the 
paper were made with sediment 
loads corresponding the lower 
concentrations shown the 
curve. The roughness factors 
for these rather small concentra- 
tions appear vary consider- 
ably; and, for these curves, 
will noted that the point 
the smallest concentration does 
not fit the general relationship 
very well. This phenomenon 
may account for the fact that 
relationship between the rough- 


von Karman, Manning Roughness 


Measured Exponent, 


0.0120 


0.30 


Mean Sediment Concentration, Grams per Liter 


Loap CHARACTERISTICS 


ness and the sediment concentration was not apparent from the original 


experiments. 


The ratios equivalent roughness size bottom sand calculated from 
Eq. for the conditions shown Fig. are follows: 


Average sediment load 
grams per liter 


Ratio equivalent roughness 
size bottom sand 


0.0110 
0.0100 
0.200 
ve 
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The relative roughness decreases very appreciably the sediment load 
increased. 

Mr. Witzig suggests that fine sediment deposited between the sand rough- 
nesses cemented the bottom may account for the decrease the 
observed with suspended load. This explanation was considered during the 
experiments, but was discarded after further investigation. 
examination the flow showed that the sediment load tended decrease the 
roughness and increase the velocity even when very minute quantities 
suspended material were deposited the bed. more tenable explanation, 
outlined conclusion attributes the decrease the resistance the 
effect the sediment damping out the turbulence and thus reducing the eddy 
viscosity the flow and the universal constant the universal logarithmic 
velocity distribution formula. This effect expressed reduction the 
boundary roughness, although, strict sense, the boundary roughness does 
not change. Instead the change occurs within the body the fluid. 
ducing the intensity the turbulence, the capability the flow transfer 
the boundary shear the body the flow reduced, with the result that 
equilibrium between the gravity force tending cause flow and the shear 
force resisting the flow reached higher velocity. 

Professor Van Driest’s observation the similarity between the velocity 
profile curves measured Nikuradse and those reported the paper 
significant. The fact that the semilogarithmic velocity profile graphs not 
follow precisely the logarithmic formula means that some judgment must 
used fitting curve the data. This may account for the variation 
the values von universal constant, for clear flows, which has 
been reported the literature. The values reported vary from 0.36 0.40 
and easy see that variations this magnitude could occur between 
determinations different workers. 

Mr. Gavett has ealled attention the interesting fact that power law fits 
the measured velocity profiles better than the logarithmic law. The power 
law may advantageous for certain problems but, general, less de- 
sirable than the universal logarithmic law. Examination the measured 
velocity profiles Figs. and will show that the logarithmic law fits the 
measurements for more than 90% the depth and that the most serious 
departures occur the lower the depth. The error calculating 
the position the average velocity, due this departure, very small, 
probably much less than errors measurements; and therefore not serious. 
The difference velocity between relative depths and 0.393, which 
are the depths the average velocity given the logarithmic law and the 
one-seventh power law, only about 1%. 

The rather simple looking power law for velocity distribution, when sub- 
stituted into formulas such those for sediment suspension, may produce 
results that are much more complicated than those given the more general 
logarithmic law. This soon realized attempt made determine the 
distribution suspended load, using the power law. The resulting 
contain the maximum velocity, Umax, and the exponent, for which analytical 
expressions not exist, whereas the logarithmic law gives expressions 
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taining the friction velocity and both which can evaluated easily. 
Actually, the relationships between Umax and are contained the friction 
formulas which are expressed very conveniently the more general laws and 
there need develop the relationships between Umax and 

Mr. Witzig’s experience measuring velocity profiles the Niagara River 
cannot taken proof that the logarithmic distribution equation does not 
apply nature. His experience contrary that John Hoyt and 
Nathan Grover, Members, Am. Soc. E., who that the mean 
depth the average velocity for 476 measurements rivers was 0.62 
possible that Mr. Witzig’s measurements were made under conditions 
nonuniform flow where the velocity profile could distorted considerably from 
the profile expected for uniform flow. 

The writer does not agree with Mr. Witzig’s statement that the distribution 
law does not apply the very fine sediments which are known the wash load. 
The distribution these sediments follows the general trend the distribution 
equation, even though quantitatively the equation and the measurements 
not agree. This disagreement also exists for the coarser sediments, has 
been shown the writer’s experiments and the experiments Alvin 
Assoc. Am. general, for fine sediments the 
actual distribution more uniform than that indicated the equations. 
the present experiments, all the suspended load could considered wash 
load because very little was found the bed; yet the distribution 
followed the law very well. 

The writer has been asked comment the probable effect uniformly 
distributed fine sediment flow. The principal effect such sediment 
increase the effective specific gravity the flow. Since the sediment 
practically uniformly distributed, its settling velocity its tendency 
settle under gravitational forces very slight compared the lifting forces 
the turbulence. Because this fact there will very little damping 
effect the sediment the turbulence, and such cases the writer would 
expect that effects, such reduction friction factor and the von 
would also small. Experiments Professor Kalinske and 
seem confirm this idea. 

undesirable classify the various modes transportation into bed 
load, saltation load, and suspended load, because such classification tends 
build the impression that the modes are fundamentally different. Actually, 
they are fundamentally the same and are caused the same kind fluid forces 
acting the sediment. Therefore, the writer prefers think the modes 
parts one phenomenon, the only difference being the intensity trans- 
portation. has been shown Assoc. Am. Soc. E., 
movement material the bed caused turbulence fluctuations, which 


Discharge,” John Hoyt and Nathan Grover, John Wiley Sons, New York, Y., 


Suspended Sediment Natural Stream,” Alvin Anderson, Transactions, 
Geophysical Union, Pt. II, 1942, pp. 678-683. 


Bulletin Studies Engineering, Univ. Iowa, Iowa City, Iowa, 1945. 
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move sediment particles steps jumps. these fluctuations increase 
intensity with changing flow conditions, the steps orbits the particles 
increase length and the sediment said “saltate.” the suspension 
processes, particles that have been lifted off the bed are given further impulses 
turbulence the body the fluid and they may migrate well into the 
section before they are brought back the bed. From this point view, 
the transportation process the same throughout its range, the only difference 
being the intensity the transporting forces and their result the length 
step taken the particles. 

Mr. Witzig’s statement that the momentum and sediment transfer 
cients are constant over the depth flow incorrect. This evident from 
Eqs. and Fig. 13, which show that the coefficients have minimum values 
the top and bottom and approach maximum values near mid-depth. 
also shows that the two coefficients are not equal. the discussion 
and the coefficients were expected differ, although the development 
the theory they were assumed the same order derive working 
theory. the discussion the results, the writer has tried show why the 
coeffieients would not the same and how this difference would reflected 
the theoretical exponent and the measured exponent for the sediment 
distribution equation. 

Mr. Witzig asks there was any vertical segregation the sediment corre- 
sponding the horizontal segregation represented the sediment clouds 
bands. All vertical sediment distribution measurements followed rather 
closely the form the distribution formula, Eq. 16, and discontinuities were 
evidenced. Since observing these bands horizontal segregation the flume, 
the writer has looked for them natural streams and canals and has actually 
seen some bands flows where the sediment load and depth flow were small 
enough permit seeing the bottom the flume through the flow. The writer 
has also seen bands this kind dust storms. His observations appear 
contrary those reported Mr. Witzig. 

The writer agrees with Mr. Witzig’s statement that increase stream 
velocity caused the addition sediment load will not result increase 
sediment-transporting capacity. discussing this point, the writer called 
attention the fact that the depth flow (and hence the average boundary 
shear) would decrease the velocity increased; and presented this 
another argument indicate that the sediment-transporting power would 
not increase with the velocity. The fact that the boundary shear does diminish 
indicates the probability that the entrainment force will also diminish. 

The writer disagrees with Professor Kalinske’s statement that concrete 
evidence was presented support the conclusions regarding (1) the effect 
suspended load and (2) the effect suspended load reducing 
flow. Professor Kalinske accepts the measurements being accurate, 
then the conclusions drawn the writer will follow. Admittedly, evidence 
presented support the conclusion regarding the effect random 
tions suspended sediment. This point was presented explain the dis 
crepancy between the measurement and the theory and believed that the 
ideas are physically sound and explain the discrepancies qualitatively. The 
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theory outlined the paper has certain limitations, but the fact that gives 
the correct form the distribution equation certainly evidence cor- 
rectness. This also ample proof the accepted theory that sediment and 
momentum transfer are similar, although Professor Kalinske apparently does 
not accept this theory. 

The correlation between the horizontal velocity fluctuations and the 
vertical fluctuations enters into sediment distribution because deriving 
the theory was assumed that the momentum and sediment transfer coeffi- 
cients were the same. The expression for the momentum transfer coefficient 
includes the correlation between and V’. Inspection Eq. will show 
that, produce shear, the fluctuations must opposite signs; or, other 
words, positive value must associated with negative value and 
vice versa. easy imagine positive occurring when This 
condition will not contribute the shear, but cause transfer 
sediment. the other hand, situation can occur which momentum 
without transferring sediment because the 
instantaneous concentration gradient zero. this way, one can reason 
that the coefficients for momentum transfer and sediment transfer need not 
the same. Professor Kalinske’s example the condition the center the 
pipe illustrates this fact. Here the shear zero and hence the correlation 
between and also zero; but the sediment transfer coefficient has 
finite value. The idea that the transfer coefficients are not equal was expressed 
Theodor von Am. Soc. E., when remarked that the 
quantities v’, and Eqs. and which make the turbulent transfer 
need not the same for sediment transfer and momentum transfer. 

The writer agrees that, obtain data the sediment-transporting capacity 
stream, the bed must covered with loose material. However, dis- 
agrees with Professor Kalinske’s statement that, unless the bed covered with 
sediment, the effect sediment the hydraulic characteristics cannot 
studied. matter fact, having fixed bed has some definite advantages 
over having movable bed, especially making measurements near the bed. 
For instance, with fixed bed the extremely important slope measurement can 
made especially well. this connection, possible that the inherent 
difficulty measuring the slope with movable bed may account for fluctua- 
tions obtained Professor The total drop elevation 
the bottom the 80-ft flume, used Professor Kalinske’s experiments, varied 
from minimum in. toa maximum about Accurate measurements 
such small slopes with movable bed would extremely difficult. 

Deposits some sediment the fixed bottom the flume used the 
may have influenced the bottom roughness, but the amount was never 
great enough more than fill small part the space between the fixed 
sediment, and not believed important factor. The strongest 
evidence the effect the sediment the flow characteristics comes from 
the measured variations the von the logarithmic velocity 
distribution formula. ig. 24(b) offers additional evidence this point. 


Aspects the Turbulence Theodor von Proceedings, 4th International 
ong. Applied 1934, pp. 54-91 
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will noted that, the load increases, decreases; difficult understand 
how any sediment deposited the bottom will affect the value This 
value can changed only modifying the turbulence the interior the 
flow and cannot changed merely altering the boundary roughness. The 
effect caused damping the turbulence since the turbulence must 
suspend the sediment against settling. This tends reduce the momentum 
transfer coefficients well the sediment transfer coefficients. The reduction 
the sediment transfer coefficients reflected increase exponent 
shown Fig. 24(c). 

comparing the results from Professor Kalinske’s with those 
reported the writer, the important differences between the two sets 
experiments must borne mind. The principal differences were: 


Professor Kalinske’s experiments, the average size the suspended 
load was only 0.01 mm, one tenth the size the smallest material 
the writer’s experiments; and 

Professor Kalinske’s experiments, the bed was always covered with 
sediment, whereas, the writer’s experiment, the bed was fixed. 


With very fine material, the distribution practically uniform and the 
settling velocity the material small compared the lifting ability the 
turbulence. Therefore, one would expect that the damping effect the 
turbulence would minor. From this point view the results Professor 
Kalinske’s experiments are agreement with the deductions made the 
writer rather than conflict with them Professor Kalinske reports. The 
fact that the von measured Professor Kalinske, varies much 
did may attributed the difficulties measuring the slope the 
flume with the movable bed. 

Professor Powell’s questions, regarding the adaptation Professor Kalinske’s 
turbulence measurements the problem sediment transportation, are 
answered part the discussion Professor Kalinske. Two difficulties 
occur connection with using these data: (a) Once these coefficients are 
measured flow, still necessary determine the correlation coefficient 
Eq. before the measured coefficients can used for calculations; and 
(b) readily available analytical expression exists for the transfer coefficient 
and therefore this coefficient cannot yet used for the development 
quantitative theory. 


Correction for Transactions: June, 1945, Proceedings, page 868, Fig. 20(a), 
change the third line the legend read (b) 
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AMERICAN SOCIETY CIVIL ENGINEERS 
Founded November 1852 


DISCUSSIONS 


EVAPORATION FROM FREE WATER SURFACE 


Discussion 


ALBERTSON,” Jun. Am. Soc. civil engineers 
think the theory evaporation applying only water and interest 
the hydrologist alone. The chemical engineer, however, must understand the 
vaporization liquids drying and evaporating processes and, consequently, 
has conducted considerable research using other liquids well water. 
Moreover, the phenomenon turbulence, which plays such important 
the prime mover the process evaporation, has been studied 
detail the aeronautical engineer and the meteorologist. 

the section, Evaporation the author describes briefly the 
kinetic interpretation evaporation used the chemist. Any 
that leave the surface overcoming the attraction the surrounding 
liquid must possess minimum upward velocity component, follows, 
that, molecule escapes, the over-all kinetic energy diminished 

that, when molecules have departed, the loss kinetic energy 


the system 


which the mass one molecule. This loss equivalent the heat 
vaporization. The rate which these molecules are leaving the surface 
may determined when the system equilibrium, because that time the 
rate return the molecules (max) equal the rate exit is, 
(max). According the kinetic theory the number mole- 


paper Hickox was published October, 1944, Proceedings. Discussion this 
has appeared Proceedings, follows: February, 1945, Carl Rohwer; March, 1945, 
hornthwaite; April, 1945, Harry Blaney, and Arthur Young; and May, 1945, Kalinske, 
and Adolph Meyer. 
Research Associate, Iowa Inst. Hydr. Research, Hydr. Laboratory, Iowa City, Iowa. 
Received the Secretary April 30, 1945. 


Numerals parentheses, thus: (63), refer corresponding items the Bibliography (see Appendix 
paper), and the end discussion this issue. 
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cules striking square centimeter surface per second 


which the partial pressure the water vapor above the surface dynes 
per square centimeter absolute temperature degrees centigrade; 
the rate return molecules per square centimeter per second; (max) 
the limit when numerically equal the vapor pressure the 
water; and the Boltsmann constant. Therefore, when the system 
not equilibrium—while evaporation occurring—the net loss molecules 
becomes 


which the vapor pressure the water its surface dynes per square 
centimeter; and the temperature the water surface and that the boundary 
layer immediately above are assumed the same. possible, from 
38, determine the actual weight rate evaporation grams 
second per square centimeter multiplying that 


Ps — Pv (39) 


Upon applying this relationship specifically water, cubic centimeters may 
conveniently substituted for grams, making numerically equal centi- 
meters per second. This, turn, may converted into inches per day 
giving 


which now degrees Fahrenheit, evaporation inches per day, and 
and are inches mercury. Eq. 40a demonstrates that the net rate 
water transport through the boundary layer varies directly with the difference 
between the vapor pressure the water and the partial pressure the water 
vapor above and inversely with the square root the absolute temperature. 
the author has shown, the change relatively small over the 
perature range interest the hydrologist and, therefore, has little effect 
the evaporation rate except changes the vapor pressure partial 
pressure. One the limits Eq. 40a (the case equilibrium) exists 
ps. Furthermore, were possible sweep away all water molecules 
they leave the surface, allowing none return, and Eq. 40a 
reduce 


which the limit Eq. 40a, giving the greatest rate evaporation possible 
given temperature. Evaporation determined this relation (see Fig. 
many times great any actually observed. Furthermore, 


= 
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greater than the evaporation computed with the largest wind coefficient given 
Carl Rohwer, Am. Soc. this tremendous differ- 
ence part caused the existence water vapor the ambient air, 
primarily explained assuming, the author does, that the molecules travel 
through the boundary layer molecular diffusion and, therefore, that only 
very small percentage them escape the turbulent air above without 
returning the liquid. Evidently, the natural turbulence over the water 
surface never sufficiently great even approach the this 
boundary layer. 

There little doubt that the processes heat transfer and evaporation 
have many similarities described the author. However, well 
remember that, approaches zero for constant value Eq. 2a, the 
rate heat flow will approach infinity; but, according the kinetic theory 
discussed herein, the rate evaporation can only approach some maximum 
finite value which function the temperature the water surface. 
discrepancy, the other hand, explained the fact that another form 
the heat transfer equation must used when the heat flow from surface 
being considered. the rate heat transmission per unit area and 
and are, respectively, the absolute temperatures the surface and the air 
immediately above it, then the equation 


shows that, approaches zero, approaches maximum finite value, 
thereby completing the heat transfer analogy follow Eq. 40a. 

the foregoing paragraphs consideration has been given the mechanics 
molecular movement from the liquid into, and through, the boundary layer. 
equal importance, although much less understood, the transfer vapor 
from the boundary layer the air immediately above it. the one hand, 
absolutely stagnant conditions prevail, the boundary layer infinitely high, 
and the resultant mixing molecular diffusion only. the other hand, 
conditions arise make the flow unstable, turbulence will develop and the 
degree mixing will increase tremendously. any given point unstable 
conditions may obtained decreasing the viscosity increasing the 
velocity gradient through increasing the ambient velocity the boundary 
roughness. 

Although the foregoing conditions lead the perpetual formation 
turbulence, there are factors, such viscosity, that lead its decay. the 
turbulence being damped (that is, decaying) rapidly being created, 
state equilibrium prevails. However, the creative forces increase, the 
turbulence becomes greater and the damping forces must then become equally 
large reestablish equilibrium.. If, instead, the creative forces diminish, the 
damping forces will decrease the prevailing turbulence magnitude that 
the creative forces are able support. 

Consideration the terms Eq. 40a reveals that and are dependent 
only upon the temperature the water, whereas function the overhead 


q 
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turbulence and the vapor concentration and temperature the ambient air. 
The turbulence dependent upon the wind velocity, the viscosity the air, 
and the surrounding roughness, such as, for example, the geometry the 
evaporation pan, and therefore dependent upon characteristic Reynolds 
number the flow over the pan. Hence, ca) and Eq. 40a becomes 


which the Reynolds number; and describes the temperature and vapor 
concentration the ambient air. Eq. 42, the first parameter 11,330 
the same that Eq. 40b and has been determined Fig. 
second parameter, however, must determined empirically. The following 
typical cases serve illustrate the foregoing principles. 

Case 1.—First consider the case large lake, bounded the windward 
side broad smooth plain, with very little difference the shore and lake 
elevations. Assume that the surface temperature the lake constant, that 
the general wind velocity distribution over the plain and lake uniform, and 
that the ripples the lake give the same roughness that the land. 
With these conditions prevailing, the turbulence the wind near the water 
surface will likewise uniform and the only variable factor influencing the 
rate evaporation various points across the lake the vertical vapor- 
concentration gradient shown Fig. 18, the maximum rate 
evaporation will occur the water’s edge; then, the air immediately above 
the surface develops partial pressure water vapor, the gradient becomes 
smaller; and, hence, the rate evaporation asymptotically approaches 
minimum value. The total evaporation per unit width across the lake 
represented the area under the curve. 

Case the land the windward side not smooth but extremely 
rough, the turbulence the oncoming air will higher and the shore the 
initial rate evaporation will also higher than case However, the 
turbulence will partly damped across the lake the viscosity the air 
(the roughness the lake not being great enough maintain the initial 
turbulence) until the turbulence and resulting rate evaporation approach the 
same limit that case 1—although the total evaporation across the lake 
obviously greater. 

Case 3.—If the windward land conditions are the same those case 
except that there are waves the lake, the initial rate evaporation will 
the same that case but will approach some higher minimum value 
the turbulence reaches equilibrium for the given surface (lake) roughness. 

Case the conditions are again the same those case except that 
the land considerably higher than the water surface because cliff the 
shore, then large eddy will result the down-wind side the cliff and, 
along the upper edge the eddy, considerable turbulence will created 
and carried into the main wind stream. Because the turbulence greater 
point than the rate evaporation tends greater; however, 
this partly offset the fact that the vapor concentration has also increased. 
Hence, the resulting evaporation rate may greater smaller than that 
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indicated point but will approach the minimum value case Within 
the primary eddy zone the rate evaporation obviously much less than 
the previous cases because the eddy tends recirculate the same air, thereby 
maintaining high vapor concentration over this region. 

Case assume for the sake argument that the conditions are 
the same those case but that high wall near the shore; turbu- 
lence will much the same manner case except that the eddy 
will extend higher and farther from the shore, causing the greatest rate 
evaporation point Again, the effect increased turbulence offset 
partly high vapor concentration point and the evaporation curve 
may lie above below that shown except that approaches the same minimum 

particular concern the hydrologist the evaporation from standard 
pan which may considered slightly modified miniature 
one another the foregoing cases. The turbulence ground level deter- 
mined the roughness the terrain and objects immediately upwind from 
the point question; and cases, such the Weather Bureau Standard 
Class pan, the governing turbulence over the pan determined the shape 
the pan itself. This quite graphically seen Figs. 19(a), 19(c), 
and 19(d) which are photographs the diffusion smoke over the surface 
schematic two-dimensional pans—the concentration smoke being analogous 
the concentration water vapor over evaporation pan. obtain 
these photographs, titanium tetrachloride was placed the surface the 
pans glass-walled air tunnel, in. wide in. high and long. For 
the range conditions investigated, the geometry the pans fixed the scale 
the turbulence and the eddy pattern whereas the wind velocity determined 
only the violence the turbulence. 

the wall case creates eddy, the side the evaporation pan 
creates similar eddy miniature. the left edge the water surface 
Fig. relatively stagnant zone where, described cases and 
there less evaporation than farther the right where the concentration 
gradient greater. When the freeboard reduced, Fig. the 
primary eddy (in these cases extending the other edge the pan) changed 
only slightly—its size being determined mainly the height the pan above 
ground level. When the pan height reduced, however (as Figs. 19(c) 
and 19(d) which simulate buried pans), the primary eddy small that 
covers only fraction the pan width, thereby leaving considerable portion 
the surface exposed the small but violent eddies shown the photographs. 

From these photographs readily seen that, when the pan placed that 
the turbulence the air immediately above different from that the 
surrounding atmosphere, abnormal evaporation rate will result. Examples 
this condition are obtained from placing standard Class pan the 
surface level ground among scattered clumps underbrush trees. 
Evaporation the first example will more, and that the second will 
less, than when the turbulence the air along the ground remains relatively 
unchanged passes over the water surface. Before deciding upon the shape 
and position pan used given location, consideration should 
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given the general roughness and other features the surrounding terrain 
which create turbulence that pan which will not cause abnormal turbulence 
may chosen. 

Many investigators the past have studied evaporation different liquids 
from various surfaces using wind tunnels control the wind velocity. 
ever, the writer could find place the literature where adequate 
ment the turbulence the velocity gradient above the liquid surface has 
been described. These variables obviously must determined for complete 
analysis and understanding evaporation. Thus, there 
opportunity for much desired research wind tunnel, designed and operated 
that the turbulence the oncoming air and the eddy form over the liquid 
may controlled and measured. There also need for wind-tunnel studies 
the flow patterns over standard evaporation pans and actual measurement 
the evaporation from them. 


paper gratifying. Many valuable additional data have been submitted, 
particularly the discussions Messrs. Young and Albertson. 

Mr. Albertson’s amplification the kinetic theory evaporation 
welcome. detailed mathematical treatment was omitted from the original 
paper save space. urgently recommended that every engineer who 
undertakes study evaporation familiarize himself with the kinetic 
theory. excellent treatment Loeb (5) available. more 
the investigators evaporation phenomena had recognized the validity the 
kinetic theory, much more rapid progress would have been made. should 
noted that the equations apply only momentary equilibrium conditions 
and that agreement need not necessarily expected trying use figures 
based daily averages. 

Mr. Thornthwaite questions the applicability the analogy between heat 
transfer and mass transfer. seems the opinion that turbulent 
transfer cannot predicted unless the mass concentration controls the 
cient turbulent transfer. This objection does not seem have interfered 
with the successful prediction the vertical distribution silt turbulent 
stream which the silt concentration has appreciable effect the turbu- 
lence. The applicability the analogy can only judged from the results 
obtained its use. 

The literature heat transfer which over-all transfer coefficients, 
film coefficients, have been used very extensive and forms the basis 
present-day studies heat transfer. Reference made such standard 
texts those McAdams (64) and King (11). The mass 
transfer analogy has been used successfully diffusion problems (13). 

Mr. Thornthwaite refers the observations Carl Rohwer, Am. 
(16), which vapor pressure the air was determined within inch 
the water surface means aspiration psychrometer; and refers 
the writer’s measurement relative humidity means sling 


Senior Hydr. Engr., TVA, Hydraulic Laboratory, Norris, Tenn. 
Received the Secretary June 18, 1945. 
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has not been generally recognized that the use the aspiration 
psychrometer Mr. Rohwer required volume about air per 
minute, which the rate necessary maintain the required velocity past the 
wet and dry bulb thermometers. During observation period one minute, 
therefore, volume air was drawn through the instrument. This 
can considered representing sample one inch from the surface. 
The writer agrees that the use sling psychrometer disturbs still air but 
not sure that the disturbance much greater than that caused removing 
volume from the vicinity the tests. the experiments described 
under the heading, Mass Transfer Process: Evaporation 
into Still the chamber containing the evaporation pan was placed 
room which the humidity was controlled rather closely and which the 
air was continually circulated maintain uniform distribution. All mea- 
surements within the chamber were made with thermocouples and the air 
within the chamber was not disturbed except the evaporation process. 
Provision was made for circulation air through the chamber required 
natural convection processes within the chamber. The false floor was placed 
one-quarter inch from the wall allow entrance air and the top the 
chamber was open. was provided with vertical baffles, however, that 
the circulation air the room outside would not set disturbances within 
the chamber itself. The relative humidity was measured outside the chamber 
and the air within was not disturbed. Under these circumstances the deter- 
mination relative humidity can considered crude. 

Mr. Rohwer questions whether two sets interference bands might not 
obtained from the two surfaces the mirror shown Fig. The 
production two sets interference bands requires much greater optical 
accuracy than does the reflection two images. Two sets bands could 
produced only both the surfaces mirror were optically flat and nearly 
enough parallel produce interference bands either with respect each other 
mirror The interferometer constructed the author utilized plate 
glass from broken automobile windshield. Considerable selection was 
necessary find piece having one surface flat enough serve. would 
extremely unusual find the two sides one piece glass both flat and 
parallel. This refinement that has not yet been reached the manufacture 
automobile windshields. difficulty from this source was experienced. 

Mr. Rohwer observes that the evaporation below the break the curve 
Fig. about four times that computed Eq. and considers that this 
indictment the equation, because when the water colder than the 
air, the cold air above the evaporation pan stationary and water vapor can 
escape diffusion alone. This not quite correct. Eq. was obtained 
analogy with heat transfer from circular surface into semi-infinite solid. 
The analogy not complete for two reasons. First, the condition semi- 
infinite solid not fulfilled, would require the presence infinite 
mass cold, perfectly quiet air above the surface the water. clear 
that the mass cold air not infinite. Second, the air not quiet, Mr. 
Rohwer has assumed, but motion. Most the experiments plotted 
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Fig. were made pan with zero rim height. Smoke injected into the 
chamber showed that the air mass above the pan settled slowly and spread 
out the false floor around the pan. The result was that the air above 
the pan was moving slowly. This accounts fully for the increase observed 
evaporation over that given the theoretical equation. 

Mr. Meyer’s correction regarding the point measurement wind 
velocity used his formula gratefully acknowledged. 

Mr. Rohwer comments the application Eq. diameters greater 
than ft. showing the effect pan diameter the evaporation 
rate, was based heat transfer experiments made areas having maximum 
diameter probably ft. Since the value the exponent Reynolds’ 
number Eq. empirical, one should not expect find agreement outside 
the range experiment. perhaps surprising find that the agreement 

Professor Kalinske concludes that the effect pan diameter evaporation 
varies the diameter the 0.125 power. The experimental data 
able appear indicate that the exponent somewhat less than the 0.25 
predicted from the mass transfer analogy. Various experimenters have found 
exponents varying from 0.11 0.19. 

Mr. Young’s observations the effect rim height are 
They are direct contradiction those offered the writer, but may 
explained the observations reported Mr. Albertson. 

Mr. Young presents additional data the effect pan color 
tion. The effect pan color appears well known but does not appear 
reflected very many the published data. The standard galvanized 
pan changes its surface characteristics very rapidly summertime because 
the growth algae. would seem that standard operating instructions for 
any evaporation pan installation should stress the necessity for frequent 
cleaning and restoration the pan surface standard condition. 

The effect screen over pan reducing temperature fluctuations 
what might expected. The screen intercepts incoming radiation from the 
sun during the day and also shields the pan from the low effective space 
temperatures night. The result less absorption heat the daytime 
and lower maximum temperature, and reduced back radiation night 
with less cooling and resulting higher minimum temperature. 

The photographs Fig. are valuable additions current knowledge 
the effect turbulence. Study these photographs leads the con- 
clusion expressed Mr. Albertson that the surroundings should taken 
into consideration the mounting pan. should noted also that 
any pan with projecting rim possesses inherent boundary effects that should 
taken into consideration when attempt made apply the results 
pan measurements large reservoirs where the boundary effects may 
insignificant. 

Mr. Meyer’s statement regarding the absorptive capacity water 
substantiated Fig. 12, which the transmission factor equal 
minus the absorptivity. Fig. indicates that 18% the incident solar 
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energy absorbed the first millimeter depth and 31% the first centi- 
meter. This convincing argument for the necessity measuring water 
temperatures near the surface possible. 

The answer Mr. Meyer’s question about the relative evaporation 
Weather Bureau Standard Class pan deep compared the 12-in. depth 
now use intimately related the problem applying the results pan 
observations reservoirs. The various factors affecting evaporation are 
interrelated that scarcely possible change one without affecting all the 
others. For this reason the writer not able give categorical answer 
this question. 

The writer regrets that the scope the paper prevents discussion the 
transfer from pan records reservoirs. The dissertation filed the Engi- 
neering Societies Library contains additional material which bears the 
subject. The problem complicated and lengthy and has not been worked 
out detail. Much additional research will necessary before can 
solved satisfactorily. 

Mr. Blaney asks for detailed specifications standard evaporation 
station. The writer wishes that was able present these specifications. 
Although has some ideas what might constitute suitable installation, 
recognized that they are based largely incomplete data. The first 
objective for further study the establishment suitable standard station. 
Without specifying the details such installation felt that should 
satisfy least the following six requirements: 


Water temperatures should measured close the surface 
practicable and the measuring device should sheltered from the direct rays 
the sun that the recorded temperature will that the water very 
close the surface. The temperature gradient still water very high 
near the surface daytime and the surface temperature that controls 
evaporation. large bodies water that are exposed wind and wave 
action the temperature practically uniform throughout the upper 
and measurements made few inches from the surface may satisfactory. 
This not the case with still water pans and this difference should recognized 
the installation. 

probably desirable that the pan insulated minimize the bound- 
ary effects which not exist are negligible reservoirs. The Weather 
Bureau Standard Class pan probably departs more widely from reservoir 
lake conditions than any other pan. 

The pan should deep feasible order simulate more closely 
lake reservoir conditions. 

The exposure should undoubtedly governed criteria similar 
those outlined Mr. Albertson his excellent discussion the effect 
exposure turbulence. 


Care should taken maintain the interior surface that large 
variations rate will not occur. 

The effect the fences and instrument shelters producing turbulence 
should investigated and evaluated. may found desirable enlarge 
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the enclosure and place instruments with regard the direction the 
prevailing winds far this can done without shading the pan. 


Further research indicated establish the type installation that will 
most useful both furthering the knowledge evaporation and supply- 
ing useful data the practicing engineer. 

hoped that Professor Kalinske and Mr. Albertson will have the 
tunity complete the research outlined their discussions. the studies 
are carefully made and properly interpreted, they will lead much better 
understanding the problem than has been possible with the type analyses 
heretofore made. 

attempt was made submit complete bibliography with this paper, 
and many valuable references were omitted simply because was not necessary 
refer them. complete bibliography, existing does, the fields 
civil, mechanical, and chemical engineering, meteorology, hydrology, 
oceanography, biology, and plant ecology, would occupy entire 
Two publications, Mr. Meyer (62) and Young, Assoc. 
Soc. (65), however, contain many data that they should included 
any comprehensive list. 

conclusion, the writer wishes express his thanks those who took 
time read the paper and submit criticism, discussion, and additional data. 
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DISCUSSIONS 


DETERIORATION CONCRETE DAMS DUE 
ALKALI-AGGREGATE REACTION 


Discussion 


THOMAS STANTON, SPENCER, AND 
CHADWICK 


internal expansion has been under investigation the writer since about 
1930, together with the general subject expansion and shrinkage concrete 
connection with various structures that should watertight. There seems 
have been much more this type deterioration the concrete used 
construction since 1930 1935 than older structures. concrete aggregate 
probably has not changed much, would appear that the first place look 
for the trouble would all the new types cement that have been pro- 
duced during recent years; particularly considerable part this trouble 
has occurred where new types cement have been used. 

Effect Carbon Dioxide Various Cements and Its Relationship Alkali 
Aggregate the driving long tunnel, large amounts 
carbon dioxide were encountered. were made determine what the 
effect this carbon dioxide would the concrete tunnel lining and what 
types cement should used resist this action. the contract for the 
cement line the tunnel had already been entered into, five separate types 
cement produced the manufacturer who was supply the cement were 
secured for testing. Small test beams for use miniature modulus-of- 
test were made from sand mixed with each the five types cement, 
two which were new type cements, and subjected immersion water 
under one atmosphere carbon-dioxide pressure for eighteen months. 
the end that time was found that all the small beams, in. wide, in. 
deep, and in. long, had expanded and broken into bits, except those made 
from one type cement not considered suitable for use dam construction. 


paper Blanks and Meissner was published January, 1945, Proceedings. 
Engr., Water System, Dept. Water and Power, City Los Angeles, Los Angeles, Calif. 

Received the Secretary May 1945. 
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The latter beams were unaffected, having the same strength when tested 
similar beams that had been kept immersed water the concrete curing 
room the laboratory. Thin sections from beams made from each type 
cement were prepared and examined under the petrographic microscope. All 
those that had failed exhibited white chalky substance between most the 
sand grains, but the specimens that had resisted carbon dioxide showed: 
glassy substance, light amber color, between the sand grains with only 
occasional small speck chalky substance embedded the glassy material, 
Unfortunately, the sample cement from which these carbon-dioxide 

sistant beams were made was lost could not tested further. 

The conclusion drawn from this experiment, connection with this 
discussion, appears that, cement could manufactured that, when 
set, would exhibit this glassy carbon-dioxide proof structure, there would need 
worry about any kind reaction between aggregate and cement. 
There would travel chemical compounds, with resulting contact and 
crystallization, through such glassy material, must have been completely 
watertight the carbon dioxide would have broken down the structure 
did all the other specimens. Therefore, appears the writer that the 
afore-mentioned carbon-dioxide test cement should investigated 
possible means for preventing the kind concrete deterioration under 
sion. 

Relationship Carbon-Dioxide Test Merriman Cement 
testing various cements (about eighty separate samples being tested) 
resistance carbon dioxide disclosed wide variety test results which 
could not correlated with chemical compounds the cement any other 
cement designations such sulfate resistant, low alkali, low heat, high early 
strength, etc.; and only two samples from the group showed reasonable resist- 
ance carbon dioxide. All attempts correlate test results with any means 
testing designating cement failed, except the comparisons made with the 
tests proposed the late Thaddeus Merriman, Am. Soc. 
The two cements that resisted carbon dioxide reasonable extent 
not proposed any one carbon-dioxide resistant cements, but had simply 
been added the test group because they were cements actually available 
even though made supposedly for other purposes. 

When thin sections these two best specimens were examined under the 
petrographic microscope, they exhibited similar glassy characteristics betwee 
the sand grains has been described previously, although there were 
small areas chalky material visible. far can determined, the mail 
difference between the cements that resisted carbon dioxide and those 
did not was the temperature which they had been burned during 
facture, indicated the Merriman sugar solubility index, rather than 
chemical compounds. special interest note that the writer 
cement mill that was producing “low-alkali” cement for one large 
tion which does extensive research cement; cement 
another large organization equipped similarly; and type cement 


Numerals parentheses, thus: (9), refer corresponding items the Bibliography (see 
the paper), and the end discussion this issue. 
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for third large organization; and the exact same clinker was burned and sub- 
sequently ground and sold each the three separate organizations under 
their own separate specifications for cement. Furthermore, the cement thus 
manufactured met exactly all three specifications, according statements 
the manufacturer’s chemist. 

far could determined, the essential characteristic this clinker was 
the temperature the kilns during manufacture, which appeared exactly 
accord with several conversations that the writer had with Mr. Merriman 
this subject the time the tests were being made. 

Evidence Excessive Shrinkage Expanding appar- 
ently the upstream downstream face adam. will noted that over 
the distance shown the picture (possibly there are least eight vertical 
cracks that might the concrete the dam had expanded 
enough cause such cracking, would mean that 25-ft length the dam 
had expanded much in. (certainly not less than in.) which raises the 
question what happened the dam when elongated this extent. Such 
expansion could occur vertically, course, but difficult visualize how 
could horizontally, except the case thin arch dam. Therefore, 
would appear that the concrete must have excessive shrinkage properties 


when dried. This further evidenced referring Fig. describe 


condition noted the writer specimen concrete from the Parker Dam 
which had been freshly broken. illustrate this point, will assumed 
that the piece aggregate shown the upper center Fig. represents the 
surface piece nonreactive aggregate and that the white spots shown 
the picture represent crystal growth the surface the nonreactive aggregate 
and between the aggregate and the remainder the concrete. 

The question arises then what circumstances permitted the formation 
these crystals between the piece nonreactive aggregate and the remainder 
the concrete, for the aggregate had been coated originally with cement 
paste there would reason for large quantities these crystals form 
next the nonreactive aggregate rather than any other location the 
mass the concrete. Therefore, appears reasonable assume that the 
aggregate probably had higher coefficient shrinkage when dried than did 
the concrete mass, with the result that pulled away from the surrounding 
concrete and left thin void that became filled with solutions that, upon subse- 
quent drying caused the crystallization. Then, upon subsequent wetting, the 
aggregate expanded, crushing the crystals against the concrete and producing 
pressure. The formation and shape the crystals bore out this conclusion. 
has been other evidence found the writer that this type expansion 
concrete can associated with aggregate having high shrinkage rate, or, 
express differently, aggregate which expands considerably immersed 
water when dried condition. Therefore, appears that the shrinkage 
expansion properties aggregates should also investigated connection 
with important structures. 

mixtures should also investigated. came the attention the writer 
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connection with one large dam where great care was being used the 
selection low-alkali cement, and where the aggregate was being scrutinized 
all known methods, that the admixture used contained enough the same 
free alkalies customarily found cements more than overcome the benefits 
secured from using low-alkali cement. 

Tests for Reactive bars similar those used autoclave 
tests were made attempt determine the reactive properties several 
types Portland cement. These were immersed water and dried through 
several cycles and the net result secured from the tests was shrinkage rather 
than expansion, even though the specimens were made with least 50% 
the aggregate and sand comprising supposedly reactive aggregate; however, 
the cements were not high the Merriman sugar solubility index. 

Conclusion.—It would most interesting secure test results similar 
those shown Fig. wherein the expansion concrete made from the various 
aggregates would expressed terms the Merriman sugar solubility index 
the cements used. 


Mitton several years the writer has used petro- 
graphic methods determine the reactive properties aggregates with the 
alkalies contained Portland cements. Thin sections proposed aggregates 
are prepared the usual manner: small piece rock selected and polished 
one side, after which cemented with Canada balsam glass micro- 
scope slide; and the other side the rock ground and polished until thick- 
ness 0.03 secured. The rock section then nearly transparent and 
the various minerals contained therein may identified polarized plain 
light transmitted through the specimen and the use other standard 
petrographic methods for mineral determination. 

the section “Symptoms and Diagnosis Alkali-Aggregate Deteriora- 
tion Concrete Dams,” the authors state that 


“Far too little known about the specific mineral constituents 
various rock types which contain silica forms susceptible reactivity 
with alkalies cement permit positive predetermination troublesome 
combinations petrographic 


The structure the thin section rock and the texture the individual 
minerals contained therein are usually among the first the many properties 
determined the petrographer. The texture each specific mineral readily 
reveals the state weathering undergone. Since practically all rock speci- 
mens show alteration weathering some extent, perfect, unweathered 
unaltered thin section rock seldom encountered. 

This well illustrated samples aggregate from the Parker 
Dam analyzed the writer. Under the microscope the ground mass 
glassy material filling the space between the larger crystals) thin sections 
these rocks proved quite dense and virtually unaltered; however, the 
andesine crystals (soda-lime-alumina silicates) were almost invariably affected. 


Petrographer, Los Angeles, Calif. (formerly with Los Angeles Dept. Water and Power). 
Received the Secretary May 1945. 
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Numerous andesine crystals were poorly formed; others had been altered 
varying degrees chemical action. Many these crystals showed replace- 
ment portions the andesine crystals calcium carbonate consider- 
able extent. This not unusual and quite common many rocks where 
hydrothermal and other forms metamorphism have taken place. Further- 
more, the partial weathering the aggregate renders more susceptible 
attack the free alkalies cement, particularly some the silica 
had been released the form hydrated opaline silica (n) 
amount hydration expressed the chemical formula varying from 
21% and averaging between and 13%. 

Reactive Minerals Found Parker Dam the reactive 
aggregate the Parker Dam generally referred andesite rock, this 
partly disproved the presence some thin sections albite and 
others oligoclase the prevailing feldspar. Albite and oligoclase were also 
found more less altered, and when combined with andesine they form the 
three feldspars that chemically contain the most sodium the group six 
soda-lime feldspars. Thus, logical assume that the further release 
sodium from the feldspars well from the cement would tend—through 
chemical reaction with the silica feldspars and cements—to promote expan- 
sion even low-alkali cement but slower rate than the case 
high-alkali cement. 

Types Rocks that May Reactive with Cements—In the 
the authors state that 


that have been found react with high-alkali cement include 
opaline silica, highly siliceous rocks (such siliceous limestones, chalcedony, 
and some cherts), and acid intermediate 


Wollastonite formed only from limestone deposit contact 
metamorphism; highly siliceous (51.7%) and has calcium content 
48.3%. This rock has specific gravity 2.85 and hardness and has 
been used, when available, with much success concrete aggregate. The 
siliceous limestones avoided are those that contain nodules silica 
derived from organic matter such Radiolaria and diatoms. They are 
distinguishable under the petrographic microscope because the 
different optical properties this type silica. Opaline silica becomes dark 
under crossed (the light passing through the thin section being passed 
through polarizers placed below and above the thin section and set right 
angles each other), and remains dark the stage rotated whereas pure 
silica, alternates between dark and white for every 90° the stage 
rotated. 

Additional Precautions Taken Cement author 
states (see heading, and Preventive that 


most cases the reduction alkali content has been accompanied 
marked reductions C,AF (tetracalcium alumino-ferrite), which 
fluxing material having little cementing value itself, and lower 


(tricalcium aluminate), which generally considered undesirable 
compound.” 
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These two compounds are dependent wholly upon the clay (alumina) and 
content the materials used the manufacture cement. Most these 
two compounds are derived from the waste material found fault zones and 
from fractures that are always present some degree practically all quarries 
consequence. These two compounds constitute 20% and more most 
cements and range value from “practically “quite detrimental.” 
Furthermore, rather than depend upon coincidence for reduction these 
compounds the finished product, suggested that closer attention 
paid the elimination waste material from the quarry. 


(Approximate Magnification, 

Aggregate Reaction Shown view the underside 
from the surface concrete slab showing piece aggregate 
unknown composition that became gelatinous through chemical reactions 
alkalies and silicates. This chemical change increases the volume the 
aggregate particle; and, when the compressive stress thus formed within the 
aggregate exceeds the tensile strength the concrete, are the result. 
Popouts occur but inch two below the surface the concrete and 
3-in. 4-in. diameter, but the chemical reactions are identical with those 
which occur greater depths mass concrete structures. The shrinkage 
cracks shown the aggregate particle near the center the photograph are 
the result dehydration the gel after exposure the sun for three 
hours. The dehydrated piece aggregate shown Fig. one number 
mineral substances that not yield definite chemical formulas and 
more show signs crystallinity. These substances have been called 
“gel minerals” “mineraloids.” The power these minerals absorb othe! 
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substances accounts for their often wide variation chemical composition 
although silica predominates greatly all analyses. 

Fig. shows typical view concrete where expansion within the mass 
has occurred. However, the reaction was entirely between coarse aggregate 
and cement, there should evidence this popouts caused pieces 
aggregate lying close the surface. The writer has observed considerable 
expanded concrete where there were popouts visible, leading the con- 
clusion that least the coarse aggregate was not involved. Accordingly, two 
thin sections were prepared from small piece Parker Dam concrete avail- 
able from area adjacent some expansion cracks having pronounced 
expansion cracks within one section and slight expansion cracks the other. 
There was positive evidence reaction between cement and eoarse aggre- 
gate between cement and sand, leading the conclusion that the expansion 
possibly might caused reaction within the cement. suggested that 
the possibility opaline silica from the limestone remaining the cement, 
because too low kiln temperatures, and uniting with free alkalies remaining 
the cement for the same reason, should investigated thoroughly 
possible source this expansion. 

rocks, with the possible exception pure limestone, are 
potentially reactive concrete. This especially true any aggregate that 
shows the least sign weathering. Incipient alteration any aggregate 
chosen should observed and studied with polarizing microscope. 

Radiolaria and diatoms are microscopic animals and plants, respectively, 
whose tests shells are composed hydrated silica which contains from 
21% H.O. Hydrated silicas react with the sodium and potassium 
hydroxides referred free alkalies Portland cement form sodium and 
potassium silicates, thus causing expansion the formation gel. 

Far too few data have been made available engineers concerning reactive 
aggregates, such the mineral and chemical composition and the state 
weathering, whether incipient otherwise. For instance, during the process 
weathering, albite feldspar produces sodium silicate gel and free lime 
which eventually carbonates causing further expansion. Secondary crystal 
growth and carbonation freed calcium, well the formation highly 
siliceous ooze gel, have been observed under the microscope, the writer, 
all expanded concretes examined. 

The large amount concrete manufactured without trouble from expan- 
appears indicate that ordinarily both cement and aggregate must 
contain excess available free alkalies cause expansion and that when 
either cement aggregate practically free alkalies serious difficulty has 
been encountered. However, for important permanent structure, full 
the free alkali properties both cement and aggregate should 
made, with special emphasis the analysis the aggregate petrographic 
methods outlined herein order that all known precautions may taken 
prevent expansion. 
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cements has been well described this paper. The authors also have recom- 
mended certain corrective and preventive measures that might used 
limit, possibly eliminate, the destructive effects this phenomenon. 

1941 was established definitely that the serious deterioration the 
concrete structures the Buck Hydroelectric Plant Virginia was caused 
reaction that was taking place between the alkalies the cement and the 
phyllite aggregate used the concrete. The basis for this conclusion was 
reported Carlson, Assoc. Am. Soc. (2), and the writer 
that time. 

the summer 1942 work was started rebuilding and rehabilitating 
some sections the substructure the powerhouse and the exposed surfaces 
the dam. the powerhouse the old concrete structure supporting the 
turbine and generator was removed level few feet below the bottom 
the scroll case and the foundations were rebuilt using cement with alkali 
content approximately 0.5% and aggregate which the engineers were 
reasonably certain was not reactive with the cement. The details this work 
were reported Philip Sporn, Am. Soc. E., and the writer 1944 (1). 
Reference points were established pairs, one each pair being established 
the old concrete which was left place and the other the new concrete. 
The joint between the old and new concrete was treated break bond. 

Rebuilding the first unit was completed early 1943 
measurements made since that time definitely indicate that the old concrete 
adjacent the machine foundations still growing. measurements, made 
the four corners the foundation, indicate some difference the amount 
movement the several corners which may due the variation the 
depth the old concrete still place below the reference points. Inaccuracies 
measurement may also contributing factor these variations. 
May, 1945, the surfaces the old concrete structures were average 0.05 
in. higher than the new. 

The replacement the foundations for the second and third units has been 
completed but, although trend the same direction unit No. notice- 
able, sufficient time has not elapsed permit accurate and conclusive 
tion obtained relative the behavior the structures these locations. 
Further growth the old concrete was expected and allowed for the 
reconstruction the machine foundations. Therefore, trouble expected 
develop result the continued growth the old structure. 

The downstream face the north abutment section the dam was 
repaired cutting off the affected face and replacing with new concrete 
provided with regularly spaced control joints which were expected open 
the underlying mass continued grow and expand. After two years this 
section the work was behaving expected and cracks developed all 
the joints. random map cracking the type previously experienced had 
developed May, 1945. 


Constr. Engr., Am. Gas Elec. Co., New York, 
Received the Secretary May 1945. 
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Messrs. Blanks and Meissner point out that experience thus far demon- 
strates that reactive aggregates can used without danger developing 
destructive reactions the concrete mass the alkali content the cement 

one the hydroelectric developments erected the American Gas and 
Electric System 1938 dolomitic limestone was used for the manufacture 
both the coarse and fine concrete aggregates. that time nothing was 
known about any destructive reactions developing between some aggregates 
and the alkalies some Portland cements. The cement was purchased under 
rather rigid specifications but limit was placed the alkali content. 

When the cause the trouble the Buck Hydroelectric Plant was dis- 
covered, tests were made ascertain the dolomitic aggregate used the new 
development was reactive. These tests showed that the particular dolomitic 
limestone that was used was more reactive than the phyllite aggregate used 
the Buck development. 

Fortunately, samples had been taken all cements used the new struc- 
ture and they had been carefully stored. Tests were made determine the 
alkali content which was found be: 


Cement No. Alkali content (%) 


Reference points were established number locations the concrete 
structures the new plant and periodic measurements and observations have 
been made since 1942. Thus far (1945), unusual expansions have been 
measured nor has any random-pattern cracking, which typical alkali- 
aggregate deterioration, been observed. 


Messrs. Blanks and Meissner valuable and interesting contribution the 
exceedingly important topic the Concrete Dams Due 
Alkali-Aggregate 

Reactive authors have well stated: 


“Far too little known about the specific mineral constituents 
various rock types which contain silica forms susceptible reactivity 
with alkalies cement *.” 


This fertile field for research. 

Opal, Chalcedony, Limonite, Glauconite, Dolomite, and the 
early reported California experience, was definitely determined that opal was 
the reactive ingredient (4). Test data with 1:2 mortar 
cement (that is, 1.14% covering four years observation, are given 
Table Because the high lime-magnesia content, rock No. 28039 


Materials and Research Engr., State Div. Highways, Sacramento, 
Received the Secretary May 31, 1945. 
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(Col. Table was classified siliceous magnesian limestone (4a). The 
expansion results Col. Table however, indicate that opal undoubtedly 
the reactive constituent this rock. The long-time (forty-eight-month) tests 
confirm the original conclusions based tests specimens less than one year 


TABLE CHARACTERISTICS MINERALS SIMILAR THE 
CoNSTITUENTS (Rock No. 28039) 


Percentage expansion 


rock No. 28039 each test 

(1) (2) (3) (4) 
15.0 10.0 0.019 
Opaline chert... 1.0 10.0 2.837 
Limonite....... 1.0 5.0 .012 
10.0 10.0 0.007 
100.0 10.0 0.776 


These are the values substituted for equivalent percentages the nonreactive sand used each sand- 
mortar specimen. Separate bars were fabricated for each the minerals Col. 


old, thereby indicating conclusively that pure chalcedony, limonite, glauconite, 
dolomite, and calcite have abnormal reactive properties—at least the 
percentages used this test series. 

Other tests have been made with higher percentages chalcedony without 
the development expansive reaction, whereas tests opal-bearing 
cherts and other cherts have developed expansive results propor- 
tional the percentage opal. excellent discussion this phase was 


contributed Roger Rhoades 1942 (10). Mr. Rhoades stresses the fact 
that: 


authoritative conjecture surrounds the possibility that some chal- 
cedony verges toward opaline character becoming hydrous, and the 
question naturally arises the possibility such types also assuming 
other similarities opaline silica, perhaps becoming potentially reactive 
alkaline environments.” 


cites the possibility that: 


opaline material minutely disseminated chalcedonic aggregates 
may escape observation and yet impart opaline properties which appear 
pertain the enclosing 


The studies the rocks found the coastal region California, where the 
opal-bearing chalcedonic cherts have caused much trouble, check Mr. 
Rhoades’ observations. 

Andesites, Rhyolites, Tuffs, and Volcanic Bureau Reclama- 
tion has definitely traced the cause the trouble Parker, Gene Wash, and 
Copper Basin dams andesitic rock. result, all andesitic rocks have 
justly been under suspicion potentially reactive. This rock type has been 
observed the Cowlitz (Washington) gravels and present the aggregates 
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from the Friant and other Fresno County (California) areas along the San 
Joaquin River. The andesites from these areas have been examined petro- 
graphically; and, although there are wide variations type, texture, and 
other characteristics, they all have one feature common—a glassy ground- 
mass. Specimens concrete from Friant Dam, the Belmont Traffic Circle 
Fresno, Calif., the Summers Creek and Courtright Creek bridges Washington, 
and the Parker Dam have been examined observe which aggregates were 
reacting. Numerous thin sections were made various particles that appeared 
participating gel formation. The phenocrysts plagioclase, hyper- 
sthene, hornblende, olivine, augite, rutile, and few other less common minerals 
were, most cases, unaffected contact with the cement mortar. 
various instances, however, the glassy groundmass showed signs reaction. 
was decided, therefore, study the glassy groundmass various basic 
intermediate voleanic rocks further. insure sufficient uniform material 
for study, and for fabrication into expansion bars, became necessary 
synthesize quantity glass having chemical composition equivalent 
that average andesite (11)(12). small furnace was constructed 
The finely pulverized charge was first moistened with sufficient 


TABLE 3.—PERCENTAGE Com- Mortars CEMENT 


POSITION SYNTHETIC (1.07%) anp RIVER 
ANDESITIC GLASS WITH CRUSHED 


SyNTHETIC ANDESITIC GLASS 


PERCENTAGE GLASS 


Unfused 
Magnesia MgO. 3.9 4.0 
Na2O.... 6.3 3.0 WEATHERED MATERIAL 


water mold it, and thus prevent the flame from blowing the powder away. 
The charge was made the straight oxides aluminum, iron, silicon, and 
Magnesium with equivalent amounts the carbonates, calcium, sodium, and 
potassium. (Compounds the rarer elements that are usually found 
andesites, such titanium, zirconium, phosphorus, manganese, etc., were 
omitted from the charge.) Chemical analyses were made the charge before 
fusion, and the fused glass. These analyses are shown Table Reaction 
characteristics this glass are given Table 
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soon melted, the glass was ladled from the furnace; and, after cooling 
room temperature, was crushed and sieved into various sizes for fabrication 
into expansion bars with both low-alkali and high-alkali 
percentage silica dissolved after twenty-one days 10% NaOH (using the 
Bureau Reclamation method) was 0.9%. Solubility NaOH the 
foregoing method does not appear significant, however, except possibly 
the case the highly soluble rocks, which case the high solubility may 
indicative opal. 

specimens known reactive indicated that the specimens were moderately 
partly altered and weathered. This condition was existent prior fabri- 
cation into concrete. Work done Evans and Howel Williams (13) 
Lassen National Park (California) shows few rocks (with opal 
principal constituent) the vicinity hot springs highly altered. 
simulate the Lassen Park condition, some the synthetic glass was altered 
the presence and water, for comparison expansive reaction with 
the fresh glass. 

portion the untreated synthetic andesite glass, crushed —20+50 
size was placed long glass tube, moistened with water and subjected 
treated glass indicated definite change not only the appearance the 
material, but also its composition and refractive index. Tests various 
ages the unweathered and weathered material (Table indicate definite 
increase reactivity following weathering. This work should checked 
against, compared with, glasses other composition. fertile field 
indicated for the investigator who has the time. 


(a) Cement ‘‘GS” 


(1.07% 


(0.48% 


PERCENTAGE ANDESITE ADDED NEUTRAL SAND 


10% 


25% 


mineralogical description each type rock listed the text. 


Experience with the San Joaquin River aggregates from the vicinity the 
Friant Dam and several miles lower down Herndon, Calif., indicated that 
some the andesitic rocks these deposits are highly reactive and some 
only slightly (Table 5). 


: 
0.027 0.102 0.025 0.066 —0.006 0.017 —0.003 0.016 
0.030 0.506 0.365 0.861 0.000 0.153 0.345 
0.018 0.067 0.019 0.086 —0.004 0.011 0.041 
0.013 0.029 0.014 0.042 —0.006 0.001 —0.005 0.005 
0.023 0.330 0.029 0.519 —0.005 0.005 0.001 0.011 
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The test data from which Fig. was compiled indicate definitely reactive 
andesite. California highway experience the Belmont Traffic Circle, and 
the concrete pavement between Fresno and Herndon further demon- 
stration the fact that least portions the San Joaquin River aggregates 
are highly reactive occasion. However, because experience indicated that 
aggregates from this source are not consistently reactive and some cases not 
reactive all, special series laboratory tests samples rock from the 
San Joaquin River, which, superficial inspection appeared andesitic 
character, was begun several years ago with the results shown Table 

The expansion observations Table indicate that only one (type No. 
the five andesites tested highly reactive 70° but that one other 
(type No. 5), although not excessively reactive 70° materially activated 
110° F—thereby indicating potential ultimate excessive reactivity 70° 
Type No. reactive 110° even with the low-alkali cement. That the 
high results with type No. are not accidental indicated the trend all 
specimens containing this material combination with high-alkali cement 

The rock samples Table were selected from stock piles coarse aggre- 
gate commercial plant near Friant. There were marked visible 
distinctions between the different samples; and difficult, therefore, 
estimate the probable percentage each the combined product the plant. 
That these relative percentages are not constant, however, can inferred 
the difference performance different projects using the same cement 
cements similar composition. Obviously, the only safe procedure with 
such variable quality aggregates the use low-alkali cement was 
done far practicable the Bureau Reclamation the construction 
Friant Dam. 

effort determine the reactive ingredients the San Joaquin 
River aggregates, petrographic analysis was made each the five rock 
types tested. The results these analyses are follows: 

Megascopically, Dense, Dark-Colored Andesite with Few Relatively 
Large Scattered Crystals (Phenocrysts) Feldspar—The rounded pebbles 
this type show little weathering the outside surfaces. Under 
microscope, the dense groundmass found fine felt little rods 
plagioclase feldspar arranged more less flowing lines with their long 
dimensions parallel with one another (trachytic texture). Included the 
felty groundmass are ferro-magnesium minerals (principally augite), magnetite, 
and amorphous basic glass. 

Dense, Mottled, Grayish-Green Andesite Which Shows Flow 
Along numerous fine cracks and planes weakness parallel the flow lines 
the rock has been altered reddish-brown material. Microscopic exami- 
nation shows felty, locally trachytic groundmass composed plagioclase 
microlites (embryonic crystals) with interstitial pyroxene, finely divided 
magnetite, and basic glass. Portions the groundmass (from 10% 20%), 
particularly along seams and fracture planes, have been altered brownish, 
amorphous, hydrated glass which probably the mineraloid palagonite. 
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Dark-Colored, Dense, Porphyritic Rock Which Shows Flow Structure 
and Streaked with Fine Light-Colored rock consists large 
phenocrysts feldspar, quartz, and hornblende once glassy-flowing 
groundmass which has devitrified, broken into aggregates quartz and 
feldspar excessively minute quartz veinlets are scat- 
tered throughout the rock. This metamorphosed volcanic rock may 
classified as-an aporhyolite. 

Weathered Andesite Whose Light, Grayish-Brown, Rounded Pebbles 
Have Fresh Dense Unweathered amount this weathering varies; 
some the pebbles are completely altered, whereas others have only rim 
altered material the outside. The unaltered central core the rock 
consists lathlike phenocrysts plagioclase feldspar (andesine) felty, 
occasionally trachytic groundmass plagioclase microlites set random 
mesh, the interstices which are filled with augite grains, magnetite, and 
amorphous glass. The altered portion the rock consists corroded pheno- 
crysts plagioclase groundmass which has been almost completely altered 
palagonite. 

Grayish Andesitic Rock with Prominent Flow Lines and Embedded 
Eruptive examination shows that the embedded frag- 
mental breccia and the matrix are very similar. Both are composed 
finely crystalline net plagioclase feldspar needles with interstitial pyroxene, 
magnetite, and glass. Well-developed flow banding common and alteration 
palagonite has occurred along seams some sections. 

Although the cause the high reactivity type No. can traced 
the glassy groundmass, the analyses indicate that type No. should have 
been equally not more reactive—judging the petrographic analysis, which 
classifies weathered andesite which the weathered altered portions 
consist corroded phenocrysts plagioclase groundmass that has been 
almost completely altered palagonite. Since palagonite has been determined 
highly reactive, was felt that type No. should have shown high, 
instead apparently negligible, reactive properties. 

Because the possibility that this was another case which too great 
percentage highly reactive ingredient had resulted measurable 
reaction, new series tests was begun which only 24% and type 
No. were incorporated with neutral sand instead 10% and 25% 
the original series. Although preliminary 28-day test results indicate some 
greater reactions than the original tests, they are not sufficient justify 
any definite conclusions. 

phyllite referred the authors, the reactivity which 
Assoc. Members, Am. E., 1941 connection with report the 
Buck Hydroelectric Plant Virginia (2). The reaction the Buck Plant 
was slow, and the expansion did not become sufficiently extensive notice 
able until 1922. However, the expansion continued until, 1941, the 
dimensions were reported have increased about 0.5% and still growing. 
possible explanation this slow development the reaction; the phyllite 
fault, the fact that this rock was used only the coarse aggregate 
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portion the mix. Crushed sand size, reactivity becomes apparent 
much earlier period, demonstrated the Bureau Reclamation tests 
which are checked some work done the California Division Highways. 

The authors declare (see heading, and Diagnosis Alkali- 
Aggregate Deterioration Concrete that authorities have 
stated that all rocks, with the possible exception pure limestone, are po- 
tentially reactive This conclusion might, with accuracy, have 
been expanded state that any such potential reactivity increases with 
temperature and that most tests indicate higher expansion 110° and 
130° than 70° thereby indicating the effect temperature ac- 
celerator and, even occasion, activator. Concrete temperatures 
exceeding 100° are not unusual, particularly pavements and thin walls 
subject the direct rays the sun the hot summer temperatures that 
prevail many areas California well elsewhere throughout the United 
States. The effect temperature has been demonstrated the writer 
elsewhere (14). 

The authors contend (see paragraph preceding the heading, ‘‘Progressive 
Development Alkali-Aggregate Deterioration Concrete Dams’’) that 


the mortar-bar expansion test has not been developed that 
can relied upon infallible indication troublesome combinations 
cements and 


This may true far mildly reactive combinations are concerned. How- 
ever, the mass evidence accumulated since 1939 has the writer 
that not only the mortar-bar test excellent indication reactivity but 
that the only dependable test developed date. 

the authors had qualified this conclusion time limit clause such 
“within 28, 60, days when excessive expansion develops earlier 
the conclusion would have greater validity, undoubtedly certain 
slowly reacting combinations, such the Buck Dam phyllite, somewhat 
longer than normal time required. However, any excessive expansion 
early periods can considered definite indication reactivity, roughly 
proportional the magnitude the expansion. 

conceded, however, that absence early expansion cannot con- 
sidered proof the nonreactivity the aggregate from given source 
when used with high-alkali cement. The aggregate, reactive, reacts very 
slowly; or, reaction observed, the particular sample under test just 
happens contain none the reactive mineral minerals normally present. 
The truth this last statement well illustrated experience California 
where the mineral causing the reaction (opal) was sometimes present such 
small percentages (less than 1.0% the aggregate) that reactive particles 
might entirely missing from small-sized test sample secured from com- 
mercial supply. 

(as the authors state) the mortar-bar test cannot considered satis- 
factory acceptance test for either cements aggregates, the only alternative 
the absence any more suitable test limit the alkali content all 
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cements standard requirement engineers are insure against destructive 
combinations. 

The writer agrees with most, not all, the authors’ comments the 
deficiencies the mortar-bar test but would have hesitation being guided 


the results thereof the absence evidence the contrary. the 


other hand, the authors are certainly justified their conclusion that 


because the highly accelerated nature the test, excessive 
expansions may ultimately indicated with highly reactive aggregate 
and relatively low-alkali cements, although field records not indicate 
that such combinations will necessarily cause trouble actual service.” 


illustration the validity this conclusion the California low-alkali 
cement (Table which apparently never develops excessive reaction 
normal temperatures but peculiarly sensitive and frequently becomes highly 
reactive even temperatures low would appear logical, 
however, follow the lead the mortar-bar tests the absence any 
contrary and reliable job experience. 

The authors cite the case the Owyhee Dam aggregate which, although 
highly reactive the mortar-bar tests, failed show much reaction service 
during the first five years. Neither the alkali content the cement nor the 
amount cement per cubic yard used the Owyhee Dam construction 
given. not possible that intermediate alkali cement, slow developing 
sufficient reaction objectionable, was used Owyhee Dam? The 
accelerated laboratory tests were made with high-alkali cement and, therefore, 
are truly indicative the ultimate potential reactivity the aggregate. 
They constitute warning that low-alkali cement should used under 
similar conditions. 

Furthermore, the nature exposure undoubtedly important factor 
the development and progress the reaction. Many structures which 
reactive combinations are used show early distress portions exposed 
adverse weathering conditions, whereas protected portions the same structure 
fail develop appreciable distress, any. Therefore, although the structural 
stability may not seriously lowered, the evidences the reaction occur 
where they are most readily observed where there the greatest likelihood 
subsequent failure through either alterations freezing and thawing 
attack alkalies from soils sea water. 

Corrective and Preventative authors’ comments and sug- 
gestions with regard the necessity for, and desirable procedure followed 
in, making repairs damaged structures are excellent, are their comments 
regarding precautions taken the original construction far the 
use low-alkali cement (0.60% less) concerned. addition, the authors 
state: 


“Tests have indicated that some Portland pozzolanic cements may 
safely used with reactive aggregate. has also been demonstrated that 
additions fine pozzolanic materials reactive aggregate and high-alkali 
cement combinations replacement some the high-alkali cement 
the pozzolanic material will reduce the 
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With regard the Fresno pumicite, however, there some evidence indicating 


possible objectionable rather than beneficial qualities. 

The California Division Highways has tested number finely divided 
minerals for use correctives but far has found only two types materials 
which appear always truly corrective when ground —200 mesh and 
used practicable amounts. These two materials are the opaline cherts and 


the calcined Monterey shale 
the type used the pozzolanic TABLE Two 


type cement (HP) ADMIXTURES SEVERAL 
Cement had relatively REACTIVE CEMENT-AGGREGATE 
high-alkali content (0.78%) but 

has been entirely nonreactive 

° ° ERCENT E XPANSION IN 
though the standard cement Alkali 
the same brand and alkali Calcined 

Monterey 
content decidedly reactive. Admix- pumicite 
Checks have been made add- 0.47 0.067 0.162 0.014 
ing this same pozzolana (calcined 


alkali cement with uni- 
successful results. All 


other local siliceous powders with the exception the ground opaline rocks, 


however, have been found relatively ineffective. 


Table shows the relative effect two pozzolanic admixtures, ground 
pass 200-mesh screen. The admixtures were Friant pumicite and calcined 
Monterey shale. Pozzolanic admixtures equal about 20% weight the 
cement were substituted for equivalent quantity the neutral sand portion 
the fine aggregate combination. The mortar mix—cement weight 
fine aggregate combination—was 1:2.25; and the fine aggregate was Perkins 
sand plus 10% rock No. 28039. Specimens were cured sealed containers 
The cements were from lots reported have been used the 
Friant Dam. 

The answer the erratic effect the Friant pumicite may lie the alkali 
content this material. Chemical analyses show the following percentages 
alkali the Perkins sand, reactive rock No. 28039, Friant pumicite, and 
Monterey shale: 


Material 


concrete known with certainty occur only few points major struc- 
tures the Southern California Edison system although expansion effects 


Engr., Southern California Edison Co., Los Angeles, Calif. 
Received the Secretary June 18, 1945. 
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examples excessive expansion occurs the drainage gallery the base 
dam where pit-run tunnel muck was used placing small section con- 
The expansion made evident the cracking along exposed corners 
the The concrete was placed 1926 and the cracking first 
appeared 1940. June, 1945, however, tests had not shown the presence 
silica gel deposits typical alkali-aggregate reaction. The remainder 
the dam was constructed quarried crushed granodiorite and shows signs 
excessive expansion. 

second instance damaging expansion has appeared the mass concrete 
footings one several flumes serving one the Company’s Kern River 
hydro plants. This concrete was placed 1920 and surface cracking was 
noted 1942, although probable that began several years earlier. The 
footing concrete was made with crushed phyllite obtained from near-by tunnel 
dump. The concrete flume box was made from portion the tunnel dump 
which low phyllite and high granitic material, and excessive expansion 
has occurred. Tests the Bureau Reclamation sample the cracked 
footings showed the presence silica gel typical alkali-aggregate reaction. 

third case excessive concrete expansion known occur the walls 
gallery through heavy tunnel plug the Company’s Big Creek No. 
plant. The concrete was placed 1923 and surface cracking appeared 1940. 
The aggregate was chiefly granodiorite obtained from near-by tunnel dump. 
The concrete where the expansion occurred was badly segregated and the 
expansion confined portions the structure that are high mortar and 
low coarse aggregate. 

none the three aforementioned cases the quantity concrete 
involved been large enough nor the effects the expansion been important 
enough require repair, but the fact that the expansion did occur made 
desirable test many aggregates possible the region for reactive 
tendencies. The results tests thirty-one aggregates taken from various 
sources the Edison system, including the three discussed herein, are given 
Table 

case was the expansion measured the mortar-bar test high com- 
parison with the expansion caused known reactive aggregate such the 
the California State Highway Department. However, the Kern River phyllite 
(KP) used the footings previously mentioned and the crushed andesite from 
Italian Creek (IL) showed expansion much greater than normal for non- 
reactive aggregate. The Italian Creek andesite has never been used con- 
crete but, because its geological age and vicinity are similar, its action 
concrete probably resembles the reactive Friant andesite for which the authors 
show expansion curve Fig. 

The expansion the Kern River phyllite test bars checked the field ex- 
pansion observed concrete made with this same material. 

The test bars made with the crushed granodiorite (3N) used the tunnel 
No. plug, although showing greater than average expansion, did not show 
enough put the aggregate definitely the dangerous class used 
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may exist, masked surface deterioration from weathering. One the 
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high-alkali cement. Cored samples the tunnel plug concrete when examined 
the Bureau Reclamation and the Portland Cement Association did not 
show deposits silica gel characteristic the alkali-aggregate reaction. 


TABLE ror Reactive AGGREGATES, SOUTHERN 
CALIFORNIA SysTEM 
(Expansion? Millionths Inch Per Inch After Approximately 880 Days) 


Desig- High Low Differ- 
Bear Creek Tunnel; Dump: 
Florence Lake; Stock Pile: 
Florence Lake; Jackass Meadow: 
Tunnel; Dump: 
Fresh crushed granite— 
Huntington Lake Dam; Spillway Stock Pile: 
Huntington Lake Dam; Old Quarry: 
Fresh crushed granite— 
Huntington Lake Dam; Line Creek: 
Tunnel Adit Dump: 
Italian Creek: 
Crushed lava; probably 630 610 
Italian Bar: 
Tunnel Adit Dump: 
High ferro-magnesian material; 130 160 
Tunnel Camp 19; Dump: 
Shaver Lake; Reservoir: 
Shaver Lake; 
Last Hope Bar: 
Kerckhoff Reservoir; Project No. 
Freshly crushed, slightly altered, granite............ 270 285 
anger: 
Wishon Marble Claim: 
Kern River, Adit No. Tunnel Dump: 
Standards for Comparison: 
Known reactive 8,450 170 8,280 
100% siliceous magnesian 327 300 


Three in. in. in. aggregate-cement mortar bars (mix, weight) for each condition tested; 
sealed and stored over water 100° water-cement ratio, 0.57 weight. Specially manufactured, 
containing 0.89% sodium oxide and 0.43% potassium oxide. Commercial cement containing 0.18% 
total alkalias siliceous magnesian limestone and 80% Bureau Reclamation quartz. 


Test bars made from tunnel dump aggregate similar that used the 
expanding block the dam noted have shown expansion greater than the 
average, but not enough indicate that the aggregate would dangerous 
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used With high-alkali cement. possible that the test bars made with the 
granodiorite aggregates used for this work and that used for the tunnel plug 
fail show excessive expansion because the action differs from the typical 
alkali-aggregate reaction. the other hand, may well be, the authors 
suggest the section “Symptoms and Diagnosis,” that the present accepted 
test procedure for alkali-aggregate reaction not sensitive enough predict 
expansions that may take place structures twenty years more after they 
are completed. 


Am. Soc. concerned with the use 
concrete are indebted Messrs. Blanks and Meissner and others the 
Bureau Reclamation for their straightforward presentation troubles with 
concrete result alkali-aggregate reaction. Because the activities 
the Bureau cover many projects scattered over the entire western part the 
United States, the experience gained particularly valuable determining 
the relatively few undesirable dangerous cement-aggregate combinations. 

The Southern California Edison Company has number dams and major 
concrete structures the granitic region the middle Sierra Nevada where 
natural sand and gravel for concrete aggregates are scarce. Consequently, 
has been necessary for most the concrete these structures made from 
crushed granodiorite taken either from quarries from tunnel excavation 
dumps. Some concrete these Sierra structures has stood well but some 
shows troublesome surface deterioration. Over period twenty years con- 
tinuing efforts have been made determine the reason for the differences. 
These efforts have included many tests and petrographic examinations 
aggregates and concretes without positive results. When the alkali-aggregate 
reaction first became known, these structures were re-examined for evidences 
such action and few probable examples were found. The possibility that 
some particular mineral the granodiorite was responsible for such trouble and 
also for other deterioration the presence high alkali was considered, 
result which fellowship was established the California Institute 
Technology, Pasadena, 1942 test the susceptibility these individual 
minerals reaction with cement-borne alkalies. 

Under the direction John Buwalda and Ian Campbell the Institute, 

Lloyd Pray undertook the research including the difficult task separating 
enough pure minerals from 500-lb sample granodiorite permit the 
manufacture number in. in. in. mortar bars with various 
concentrations each mineral. The average composition the fresh grano- 
diorite was: 


Mineral Percentage 
Plagioclase (andesine)................... 


Eng. Dept., Southern California Edison Co., Ltd., Los Angeles, Calif. 
Received the Secretary June 18, 1945. 


Potash feldspar (chiefly microcline)........ 
Hornbl 
Magne 
Sphene 0.5 
Zircon Trace 
Apatit Trace 
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Mr. Pray was able obtain all the minerals listed with the exception the 
plagioclase feldspar, zircon, and apatite purities 96% better. The 
plagioclase was obtained concentrate containing 43% plagioclase and 
quartz with the remainder largely potash feldspar. The minerals tested were 
used aggregates different percentages ranging from 100%. The 
remainder the aggregate consisted crushed crystalline quartz furnished 
the Bureau Reclamation. The selected percentages were 
consideration the natural proportion the minerals the rock and also 
the amount mineral concentrate readily available. The test bars were 
made triplicate, using mix weight and high-alkali and low- 
alkali cements known analyses. The low-alkali cement contained 0.18% 
total alkali measured The high-alkali cement contained 0.87% 
and 0.47% After curing for seven days 70° and 100% humidity, 
the bars were placed cabinet, over water, with controlled temperature 
100° and length measurements were made periodically over period two 

The volume changes for the principal series test bars average age 
750 days are compared Table including the results from the use the 


TABLE 8.—Errect (H) anp Low-ALKALI CEMENT 
(L) THE MINERALS FLORENCE 
GRANODIORITE 
(Expansion? Millionths Inch Per Inch) 


FOR THE FOLLOWING PERCENTAGES MINERAL 
AGGREGATE 


Mineral 


Quartz plagioclase 
Potash feldspar 
Biotite 


Magnetite 

phene 
Fresh 
Altered 
Siliceous magnesian limestone. 


observations were made, after two years, three cement-aggregate test bars for each 
condition. The mortar bars in. in. in.; mix, weight; and water-cement ratio, 0.57 
weight) were sealed and stored over water 100° The abbreviations and denote, respectively, 

igh-alkali cement, specially manufactured, containing 0.89% sodium oxide and 0.43% potassium oxide; 
and commercial, low-alkali cement containing 0.18% total alkali Average six bars. 


Average two bars only. siliceous magnesian limestone each case. Age 270 days. 
933% stellerite. 


same cements with aggregate made from altered weathered granodiorite 
and also with siliceous magnesium limestone proved reactivity obtained from 
Stanton, Am. E., the California Highway Commission. 
While making the mineral separations was found that occasional pieces 
slightly altered granodiorite contained zeolitic mineral known stellerite. 
Since zeolite reacts with the ordinary tap water used washing and may 


the 
with 
here 
ition 
some 
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eliminated the washing operations, specimens were hand picked for high 
stellerite content and crushed and concentrated the dry obtain sand 
containing 33% stellerite. Two series test bars were made, one containing 
stellerite and the other 33% stellerite, each mixed with the required 
plement crushed granodiorite quartz (see item 10, Table 8). 

date (1945) the test results are largely negative but they are value 
nevertheless. These results may summarized follows: 


(1) None the bars showed clearly harmful expansion and presumably, 
therefore, the aggregate minerals are nonreactive with high-alkali cement; 
(2) All the mortars made with high-alkali cement expanded more than 
those made with low-alkali cement; and 
(3) Specimens containing large percentages biotite mica show rather 
large expansions for mortar bars, but the rate change over the last year has 
been slow that these specimens cannot placed definitely the dangerous 
class. 


The authors have assisted the writer materially the work done under the 
fellowship and searching for the causes other concrete troubles, and this 
opportunity taken express appreciation for material assistance, advice, 
and free exchange progress information. 
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DISCUSSIONS 


INTERRELATION CERTAIN STRUCTURAL 
CONCEPTS 


Discussion 


LEON BESKIN, ALEXANDER DODGE, AND WILLIAM SPIKER 


Leon Assoc. Am. Soc. structural concepts 
the author cover the efforts engineers, over period seventy 
years, simplify the analysis frameworks. restricting the problem 
that framework with joint displacement, the unknowns are limited 
joint rotations and beam-end moments. Two expressions can written 
defining the relation between the moments and the rotations the two ends 
each beam framework. The analysis the framework equivalent 
the solution the system simultaneous equations represented these 
expressions. All the so-called analysis” are only various pro- 
cedures for the solution the system simultaneous equations. This 
explains why, there little fundamental difference between all existent 
methods, and why the coefficients introduced one writer can reduced 
easily those derived another writer. Practically every stress analyst 
has computed such relationships one time another, and improbable 
that, this paper, any new physical interpretation given structural terms. 
The relationship between fixed points, carry-over factors, and stiffness factors, 
known principle since the fundamental works Mohr and Maurice 
can found various forms more recent 

The concept node (fixed point) seems have been introduced Mr. 
Mohr for the special case continuous beams. Later, was extended 


frameworks. common practice—especially Europe—is the analysis 


frameworks determining the locations the fixed instance, 


paper Camillo Weiss was published January, 1945, Proceedings. Discussion this 
paper has appeared Proceedings, follows: May, 1945, Ralph Stewart, and Brumfield; 
and June, 1945, Max Strauss. 

Senior Stress Analyst, Eng. Dept., Consolidated Vultee Aircraft Corp., Nashville, Tenn. 

Received the Secretary May 29, 1945. 


Statique Graphique Ses Applications Aux Maurice Lévy, Gauthier- 
Villars Co., Paris, France, 1886-1888. 


Nishkian and Steinman, Transactions, Am. Soc. E., Vol. (1927), 


the General Two-Dimensional Yves Nubar, Proceedings, Am. Soc. 
April, 1944, 429. 


Loads Restrained Beams and Frames,” Brumfield, ibid., May, 1945, 627. 
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Professor Campus has taught these methods Liége University 
Belgium, for many years. These facts challenge the remark the “Intro- 
duction” that “Usually such points are thought connection with 
beams *.” The author’s definitions the fixed points are misleading, 
incorrect, for example, state (see that position 
the elastic curve and (see heading, Points and Carry- 
Over Factors’’) that: ‘‘When one end restrained member rotated back 
and forth, the wave-like elastic curves will pass through certain node.” The 
amplitude displacement node different from zero, and, characteristi- 
cally, node point inflection. From the principle superposition, this 
point fixed when there only one applied end moment. 

The relation between intercept ratios well known the form 
expression for carry-over factors. For continuous beams is: 


2 (Kea + Ksc) — fas Kee 


The corresponding relation for frameworks also well 
writer, for example, has that simple derivation the formula can 
established, and that the formula can written symmetric form: 


(41a) 


4 


or, using the author’s notation and defining all the intercept ratios from the 
common joint: 


NBX 
general, the use carry-over factors leads simpler formulas than 
those written terms nodal intercept ratios. For instance (compare 
Table 1): 


Proceedings, Am. Soc. E., June, 1944, 913, 


q 

| 

(40) 

: 

q 

and 


Liége, 


Intro- 


with 


back 

The 


this 


(40a) 


can 


the 


ompare 


(42d) 
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the light these remarks, fair state, contrary the author, that 
the so-called method” does not permit the analysis frameworks from 
novel point view. The basic relations between end moments 
and end rotations can established, either geometric considerations based 
the relation between moment and curvature, strain energy methods. 
All methods have the same basis, and, although the wording different, the 
mathematical process the same. For instance, consider the formula giving 
the end rotation beam function the moments the beam: 


From geometric considerations, that the curvature produces 


rotation between the two ends infinitesimal element dz, 


that the deflection one joint reference the tangent the other 
is: 


the reference line rotated angle equal the rotation 
point the deflection point equal zero, which defines 


application strain energy methods, dummy couple equal 
beam, and the rotation is: 


45a and 456 lead the same relation (Eq. 43). the 
Mr. Weiss states: 


the method least work based the concepts work 
and energy the Cross method may considered based 
complex concepts that can summed under the term ‘restraint.’ 


This statement ignores the fact that Eq. the starting point for the Cross 
method well for other methods. Continuing, the author states: 
and deformation imply the action force. Restraint, however, entirely 
the structure itself.” This seems imply that the concept 
can defined without introducing into the concept force. 
Paradoxically, the author defines restraint thus (see heading, Factors 
and Distribution general the resistance rotation will 
times stiffness factor restraint factor other words, far from 
being exclusively function the structure, restraint nothing but the ratio 


| 
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externally applied load (generally couple) displacement (generally 

The author’s opinion (see that method moment 
question many structural engineers, should nevertheless challenged. 
The following summary intended clarify the comparison between var- 
ious methods. 

Methods solving simultaneous equations can divided into main 
groups—succession elimination unknowns, determinants, and successive ap- 
proximations. Determinants require excessive amount computations when 
there are more than three four unknowns, and this method little prac- 
tical interest. The best solution successive elimination was that presented 
Karl Gauss, and has been applied the problem continuous beams 
the method conjugate The relationship between these two 
methods easy establish. make the problem more general, beams 
variable sections are considered. Numbering the supports even numbers 
and the spans odd numbers the three-moment equation is: 


Boj-1 Mo;-2 Co; Mo; M = Ho; (46) 


The quantities and are defined the following relations, which 
the abscissa each span, measured the direction increasing 
the ratio and the statical moment each span: 


1 


and 


1 1 


Eliminating unknowns, successively, the moment inclusive, Eq. 
(written for the support transformed into: 


The moment eliminated the linear combination Eqs. and 
and leads equation similar Eq. 48a: 


which shows that quantities and are defined the following relations 
recurrence: 


and 


q 
: U 
By, 
2j—1 


erally 


ap- 
when 
beams 
two 
mbers 


which 


48a 


ations 
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The member Eq. defines linear relation between M2; and 
shows that the carry-over factor is: 


and 


Eq. can written for all the spans, and the equation for the last span 
contains only one unknown moment, which thus directly determined. 
Using Eq. reversed sequence, all the moments are defined, successively, 
relations such as: 


Thus, the method successive eliminations leads the use Eqs. 48c, 
48d, and 51, representing eight numerical operations per span, three being 
independent the loading conditions (determination the coefficients 

The Cross method requires five numerical operations per span, per cycle— 
two distributions, two carry-over operations, and one summation. When the 
are completed, over-all addition, equivalent least one operation 
per cycle, required. Thus, there are six operations per cycle, instead 
total eight operations the direct method. checks are made, can 
shown that the direct method requires thirteen operations per span (additional 
calculation coefficients and from the second end the beam), whereas 
the Cross method equivalent nine operations per span, per cycle. The 
preliminary operations are equivalent both methods. For instance, the two 


carry-over factors span are and the determination the 


equivalent the determination the fixed-end moments. Thus, 
two three cycles, and very often more, are required the Cross method, 
more expeditious, the case beams, apply the direct method. 
addition, three operations per span (or six operations, including checks) are 
independent the loading the direct method. Thus, for additional loading 


conditions, seven operations per span (including checks) are required the 
direct method, whereas nine operations per span, per cycle, are required 
q 


a 


the Cross method. this case, the Cross method definitely inefficient. 
The method can used the case frameworks. However, 


there initial equation the type Eq. 48a along closed circuit, 
the direct method generally transformed into method successive approxi- 
the initial form, complications increase with the number 
beams (stories) columns (spans). For instance, for four parallel 


can identified easily with Eq. 40a, since, the case beams with 
constant sections, the following relations hold: 
(50a) 
> 2; 
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rows (spans stories), the elimination should made the sequence (see 

joints, and especially when the joints are not fixed (Vierendeel beams such 
high buildings with lateral load), the direct method more advantageous 


than methods successive approximation, but this advantage disappears for 
greater number rows joints. Finally, contrary general opinion, the 
accuracy the direct method does not decrease when there are many spans, 
because the coefficients, such (see Eq. 48c), are the order 
magnitude one quarter the coefficients C2; that small errors tend 
disappear, instead accumulating. This fact precisely the cause the 
rapid convergence methods successive approximations. 

Methods successive approximations have been developed physicists 
and mathematicians, connection with various problems physics. The 
first systematic work this field can attributed who 
veloped his theories around 1820. However, was not until between 1900 
and 1910 that various mathematicians, principally Fredholm and Hilbert,” 
established the theory its present form. Their work dealt mainly with 

equations containing infinite number unknowns, 
problems generally lead such equations. Thus, the theories are greatly 
simplified when applied structural problems with finite number 
unknowns. 

Methods successive approximations can presented follows (see 
47). system linear equations can written the form: 


der Mathematischen Physik,” Courant and Hilbert, Julius Springer, Berlin. 


? 


(see 
such 
tageous 


for 
on, the 


tend 


the 


ysicists 


The 


with 


(see 


Berlin. 


September, BESKIN STRUCTURAL CONCEPTS 1117 


which represents the unknowns, a;; the coefficients (defined the struc- 
ture only), and the second members (defined the structure and the 
The matrix form Eq. is: 


and the solution is: 
| X;| = |Y;| \a’s;| 60% (536) 


which the matrix the reciprocal the matrix thus: 


54a has significance until the numerical computation which represents 
isdefined. For this purpose, the matrix 


aij 


(54) 


The first equality Eq. signifies that each column the square matrix 


divided its diagonal term and the resulting matrix can 


tt 


the column matrix find the matrix 


the 


diagonal terms are equal unity. The second equality Eq. 546 signifies 


that 


—holds for the matrix thus: 


The conditions convergence the series the right-hand member Eq. 

are satisfied the case equations corresponding redundant structures. 
Thus, Eq. 53b can written the form: 


Eq. has definite significance, since multiplication and addition 
matrices are defined operations. This equation the basis the 
developed which the Cross and the Maney- 


Relaxation Constraints,” Southwell, Proceedings, Royal Soc. London, 
ol. CLI, Series 1935, pp. 56-95; Vol. Series 1935-1936, pp. 41-76. 


| 
—_> 
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methods are only special applications. the case 
works, the latter method can reconciled with the method relaxation 
follows: 

the Cross method, quantities that can called “total unbalanced 
moments” are the principal unknowns. These quantities are related 
the fixed-end moments (moment joint beam ji), 


Factors are the products distribution factors carry-over factors: 


The final-end moments are defined by: 


The method successive can expressed the following 
relations between successive unbalanced moments: 


and 


that: 


the Cross method, Eqs. are written the following detailed form: 
Distribution— 


carry over— 
unbalance— 


n=1 n=1 


The method has been perfected elimination Eq. 63a, that: 


No. 80, Univ. Illinois Eng. Experiment Station, Urbana, 1915. 


Analysis Rigid Building Frames Made Practicable,” John Goldberg, 
neering News-Record, November 12, 1931, pp. 


Methods for the Analysis Multiple Joint Rigid Frames,” Maney and John 
Goldberg, Bulletin, Northwestern Univ., School 1932. 


Stresses Slope Deflection and Converging Approximations,” John Goldberg, 
actions, Am. Soc. E., Vol. (1934), pp. 


t 

@ 
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whereas Eq. written as: 


n=1 


The method thus developed easily identified with Eq. 57, written as: 


and 


Eq. the result the repeated substitution Eq. written the 
form— 

(68) 
—in Eq. 


Thus, appears that the Cross method application, structural 
problems, conventional method mathematical analysis. The slope- 
deflection method, developed Maney, Am. E., and John 
Assoc. Am. Soc. E., equivalent its initial form 
the improved Cross method (elimination Eq. 63a). The difference 
the choice unknowns which are the slope deflections instead the 
unbalanced moments.” The final moments are defined relation similar 
Eq. 60, which restraint factor: 


From the relation 


found that 


which shows the relationship between the two methods. The Maney-Goldberg 
method appears the simpler, since makes use the elementary concept 
joint rotation instead the complex concept total unbalanced moment 
which, final analysis, the external couple required produce the actual 
joint rotation when the other joints are fixed and when other load applied. 

The original Maney-Goldberg method has been improved its authors 
the following manner: Dividing the joints into two groups and defined 
such manner that every span connects two joints belonging the two 
groups, Eq. 67a can written the form— 


and 


(60) 
ving 
61d) 
(62) 
7 
63a) 
(65) 
Trane 
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Since the sum forms one matrix, the number operations 


the same approximation. This short cut essential when the convergence 
slow (as, for example, for structures with sidesway). 


because necessitates the computation moments equivalent rotations, 
However, since check the results indispensable, necessary caleu- 
late the rotations when the Cross method applied, find whether the rela- 
tions between rotations and end moments are satisfied the solution. The 
additional operation included the Maney-Goldberg method which self- 
checking. When this operation added the Cross method, the latter 
becomes self-checking, and the number operations the same both 
methods, provided the Maney-Goldberg short cuts are applied the Cross 
method. 

Another method successive approximations results from different 
interpretation Eq. 67a: the matrix, 


determined, the total unbalanced moments are defined simply by: 


This method can applied slope deflection well. The numerical calcula- 
tion the matrix about complex the determination one actual 
solution Eq. 67c. the other hand, this operation done only once for 
given structure, after which Eq. defines all the total unbalanced moments 
with minimum operations for any loading condition, avoiding the tedious 
repetition successive approximations each case. This method can easily 
identified with the method conjugate points, since, both methods, the 
moments any joint are defined directly terms linear combination 
the fixed-end moments all the joints. 

conclusion, the direct method successive elimination always the 
most advantageous the case one row spans, and generally the most 
advantageous for two rows spans. all the other cases, methods 
successive approximations are more powerful. When only one condition 
very few loading conditions are examined, the Maney-Goldberg method 
the most expeditious, although the Cross method can improved obtain 
the same efficiency. When many loading conditions are examined, the 
method successive elimination, transformed into method successive 
approximations (conjugate points frameworks), generally the best. The 
section under the heading, Principles Standardization,” Ap- 
pendix will help avoid the use such cumbersome notations FEM for 
fixed-end moments and and for dead load and live load. 


ALEXANDER Assoc. Am. Soc. slope-deflection 
method has been used this paper derive equations for members constant 
mgment inertia. appraising the work done Mr. Weiss, will 


Engr., Engrs., Portland, Ore. 
Received the Secretary May 31, 1945. 


required Eqs. half the number necessitated Eq. 67a, obtain 


The Maney-Goldberg method may appear longer than the Cross method, 
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instructive compare with parallel studies the writer” 1939, which 
involved the development the moment-area principle for members varying 


moments inertia. The writer’s studies included the effect sidesway and 


the construction influence lines. The definition fixity constitutes the 
main difference the papers. the writer’s concept, the fixity” 


unit moment point and the moment point due unit moment 
point end fixed. For members with constant moment inertia, 
Z=0.5. Referring Fig. the fixity” 


the exact stiffness corresponding with the stiffness factor the 


author’s concept, 
Rea 


Eq. will recognized part Eq. 16. The reversed subscript for the 
symbol denotes that the stiffness end member used, which 
important distinction analyzing member varying moment inertia. 
The carry-over factor may looked upon the exact moment joint due 
unit moment end With these changes the subscript notations 
explained Appendix Eq. would changed 


thus simplifying most the equations derived from it. itself, this not 
important change, but the fact that all terms Eq. refer the same point 
(joint will certainly appreciated engineers who may have practical use 
for the concepts. The definition end fixity expressed Eqs. has several 
advantages: (1) linear function the carry-over factor and, therefore, 
has physical significance that can visualized easily and clearly; and (2) 


makes the expression for the exact stiffness the member, S,, very simple, 
namely 


Charts for the constants and have been prepared 


Rigid Frames Coefficients Unit Alexander Dodge, thesis presented 
the University Washington, Seattle, Wash., 1939 partial fulfilment the requirements for the 
professional degree Civil Engineer. 


Gontinuous Frames Having Variable Moment Thor Germundsson, 


Civil Engineering, 1932, 647. 
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Thorbjérn Assoc. Am. Soc. Values for any 


variation moment inertia can selected from Fig. For constant 
moment inertia, Eq. becomes: 


— = 


general, referring Eq. 23, the end moment end not equal 


= 
= 
mt. 
c 
= 
” 
~ 
~ 
c 
= 


End Fixity Joint 


Fie. 


that independent the characteristics joint Eq. 17a, 
characteristics joint also. Therefore, using Fig. example, should 
kept clearly mind that, for this particular frame, the relation Qxy 
Rxy 


order generalize the subject, the effect varying moment 
should examined. Using charts prepared Mr. with 


applies member except span BA, because 


o® 
Fixed End 
0.3 
0.2 0.4 0.6 1.0 


any 


has 
the 
should 


with 
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Eqs. and 17a, the values Table were computed for the ratio 
0.08, applying four designs beam AB. The values common 
all beams were assumed be: 2.0; the stiffness factor end 
the member AB, with 
end hinged, equal 

Ratio, values Table were 


AND VARIOUS COMBINATIONS 
STRAIGHT HAUNCHES 


QAB 
Haunches at: SBA NBA plotted the 
0.4 0.5 0.667 0.462 found scattered over 
0.8 0.2 0.833 0.568 wide area. This indicates 
Uniform section........ 0.333 0.75 0.6 


that, general, simple 
ratio minimum maximum moment inertia 0.08 relation exists between 
would also noted Eq. the constant which would changed from 
1.333, 0.908, and 3.33, respectively, for the first three beams Table 
The structural concepts are expressed fully Eqs. 13, 16, 75, and 77, 
and their application the solution various structures, including frames with 
sidesway and varying moment inertia well the construction 
influence lines has been demonstrated typical example 
demonstrated Fig. The method tabulating the needed values terms 
symbols shown Fig. 9(a), and the numerical solution given Fig. 
Recalling that constants for beam uniform moment inertia are: 
0.75, and 0.5, the computations are made starting from the 


left end the frame and proceeding the right end. Eqs. 75, 0.375. 
With this value enter Fig. and read 0.827. Eq. 77, 0.022; 
0.918 0.0128 


Beginning the right end the frame and proceeding the left end: 


should noted that factor corresponds factor dga the author’s 
concept. 

All other K-values are computed similarly. practice, the computations 
are made slide rule and recorded directly Fig. 9(a). will noted 
that, addition the foregoing computations, the coefficients are also 
recorded Fig. These coefficients indicate the proportion which the 
coefficient received the joint divided between the remaining members; 


re 
| 
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coefficients and always carry minus sign and that coefficients 


Kips per Foot 


(a) GENERAL DATA 


0.0128 0.0128 0.006 


COMPUTATIONS 


plus sign, and assuming clockwise moments positive, for the loading 
conditions Fig. 9(a), the final moments will follows: Fixed-end moments 


h=12! 
1=0.075 
12! 20! 
0.592 0.72 
7 


the 
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the same procedure used, except that the coefficient would selected 
from Fig. correspond with the respective beam C-values. 

The author’s paper, being essentially mathematical, might improved its 
definitions and symbols were adapted more general case. For example, 
for the third beam Table the node caused end rotation closer the 
generating end end fixed. Therefore, the definition the carry-over 
factor the ratio the shorter nodal intercept the longer nodal intercept 
would For these reasons, the definition the 
originally stated Hardy Cross, Am. Soc. E., and well rooted 
engineering literature, should not altered. There objection also 
symbol being used designate the restraint stiffness factor. The symbol 
designating the word has been used designate Professor Cross’ 
factor, and tables have been prepared, published,?* and broadly 
used structural analyses. The symbol abbreviating word stiffness, also 
has good logical reason retained represent the beam, 
and “the exact where the subscript denotes ‘‘a partly fixed 


partly restrained noted Appendix II, the letter symbol 


equals the stiffness factor factor proportionality stiffness. Sometimes 
the letter also denotes relative stiffness member” when compared 
with other members. Therefore, avoid confusion, Eq. should not 
exact The meaning may clarified referring 
the “unit concept which defined thus: unit moment applied 
the hinged end beam causing unit rotation the same end (for 
given degree restraint the other end) the beam said have 
stiffness” the end where the unit moment applied. The “exact stiffness,” 
then, inverse function the true rotation angle the end the beam 
which the unit moment applied. 


the author whereby engineers may eventually come nearer agreement 
the simplest possible procedure for computing stresses rigid frames. 
engineers can agree fundamental concepts and uniform symbols, progress 
will have been made. 

The author and the writer agree that the “point inflection” im- 
portant and fundamental concept. Apparently they not agree the 


Cons. Engr., Atlanta, Ga. 
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importance resistance concept. 
the author’s symbols and because they not suggest what they 
mean and are conflict with other already well established. 

Very strongly, the writer agrees with the author’s idea charting the 
location points inflection; but the opinion that Table either 
not clear incorrect; and that the formulas the paper are unnecessarily 
abstruse. 

For computing tables and charts resistances, points inflection, 
etc., the writer uses principles and formulas that can deduced from the equa- 
tions the slope-deflection method and from the routine its 
For convenience, the fixed-end moment FEM taken equal 100 multiples 
100. Values are then equal the square root 1,200, when the unit 

Instead using for all spans, that ratio used only where one end 
membef actually fixed and where reference made the particular 
member along which are being made and for which equivalent 
K-values are being computed. 

Reference can made the short cut special case the slope-deflection 
equation for beams hinged one end; thus, 


which the fixed-end moment the beam when only one end 
the beam fixed assumed fixed. the algebraic sum FEM and 
other words, would conditions remained the same except that 
the other end the beam were fixed. This reduced may called the true, 
effective, equivalent, value but whatever called designates 
measurable, computable (or determinable) amount resistance the rotation 
the end member. always less than the ratio except when the 
other end the member actually fixed; when the other end the member 
being rotated the same direction the end question, and carry overs 
are omitted. The formula for computing the reduction effectiveness 
end any member taken from the slope-deflection method; thus: 


Eq. 81, (effective values) the K-value for members that are actually 
fixed the other end, plus (equivalent values) for members that are not 
fixed the other end. The true, effective value always 
percentage that ratio. 


0.5 
and the algebraic sum the fixed-end moment for beam end and the 
values (FEM), for members meeting end 


The total carry over always the product 


The writer especially does not accept 


accept 
they 


the 
either 
ssarily 


unit 


end 
ticular 
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The product the slope-deflection equation always the algebraic 
sum (FEM),’s divided (effective values) the joint. Then the 
application the slope-deflection equation the known values determines 
the moments and checks them for continuity. Also, detects error 
the location the point contraflexure columns case the points 
contraflexure the columns have been approximated. 


Corrections for Transactions: January, 1945, Proceedings, page 65, 
the couple acting joint Fig. should counterclockwise instead 
clockwise shown; and page 69, the denominator Eq. 20a, change 


alues) 
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Founded November 1852 


DISCUSSIONS 


UTILIZATION GROUND-WATER STORAGE 
STREAM SYSTEM DEVELOPMENT 


Discussion 


DRUMMOND, RAPHAEL KAZMANN, DONALD 
BAKER, AND HYDE FORBES 


dehydrated west read with interest anything about water, particularly paper 
that the most comprehensive understanding the phenomena 
little avail unless administrative action conforms correct scientific 
knowledge. 

New Mexico the laws covering ground water have been written the 
basis scientific knowledge hydrology. The State Constitution 
the doctrine “appropriation” when states: 


unappropriated water every natural stream, perennial torrential, 
within the State New Mexico, hereby declared belong the public 
and subject appropriation for beneficial use, accordance with the 
laws the state. Priority appropriation shall give the better right.” 


The Constitution continues: use shall the basis, the measure 
and the limit the right the use water.” 

The statute the State New Mexico passed 1927 authorizing the 
appropriation ground water was declared unconstitutional because 
technical error. this case (Yeo vs. Tweedy, 286 Pacific 970), the 
Mexico Supreme Court discussed detail the common law principle that 
owner fee has dominion the center the earth, but declared 
sensible pursuit that theory required reasonable use any right and that 
the use shall such nature avoid injury others. the 
that decision, the present statute was passed 1931. this statute, 


paper Harold Conkling was published January, 1945, Proceedings. 
this paper has appeared Proceedings, follows: March, 1945, Raymond Hill; April, 
Clarence Jarvis, and John Charles; May, 1945, Sopp, and Bradley; and June, 
Irving Crosby. 

Asst. Prof., Civ. Eng., Univ. New Mexico, Albuquerque, Mex. 

Received the Secretary May 22, 1945. 
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underground streams, channels, artesian basins, reservoirs lakes, having 


reasonably ascertainable are public waters subject appropria- 
tion for beneficial use. 
The law administered the State Engineer whom persons desiring 


drill wells for irrigation industrial purposes make application. After 


publication, interval passes during which objections are filed and the 
State Engineer ascertains that there are available unused waters the area, 


drilling permit issued subject the rights previous appropriators from 


the source. protests are filed, hearing may held. Appeals from the 
decision the State Engineer may taken the courts. The State Engineer 
can establish ground-water districts, can set limits the quantity water 
appropriated district, and can exercise police power prevent waste. 
“Beneficial being the basis the right use water, appropriation 
effective only long used beneficially, and water rights not exercised 
for period four consecutive years are forfeited. 

The careful administration this law has prevented the overexpansion 
certain ground-water areas; and, other areas where serious depletion the 
water supply was threatened, rehabilitation has commenced. 


tion ground-water hydrology presented this paper because discusses, 
from engineering viewpoint, subject that has been all too neglected the 
past the majority civilengineers. However, the self-imposed restrictions 
the scope the paper are too severe—many the concepts outlined are ap- 
plicable east the 97th meridian and are useful industry well agri- 
culture. Limitation (see deserves quoted again 
full, expresses conditions which are also necessary for the successful use 
ground water industry. 


“2. Only these situations which the following conditions exist are 
considered 


Ground water the alluvium readily accessible extraction 


pumps; 

The alluvium sufficiently permeable yield water commercial 
quantities 

“(c) The alluvium naturally charged with water susceptible 
being charged artificially such extent that heavy commercial 
drafts can sustained; and 

artificial charging necessary can done feasible cost.”’ 


the eastern part the United States, many deposits alluvium furnish 
large supplies ground water; and, the northern states, many river valleys 


are filled with glacial outwash that may productive source water. 


Many these valleys are largely wholly untouched industrial agricul- 
tural ground-water developments, thus making the problem the safe yield 
from “virgin valley” very real one. 

With regard the industrial development ground water, the major 
limiting factors are hydrologic and not The utility ground water 


Res. Engr. (Hydr. Engr. P-2), Geological Survey, Memphis, Tenn. 
Received the Secretary May 29, 1945. 
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for industrial purposes great that the cost lifting the necessary 


ties additional distance generally insignificant compared with the 


replacing the ground-water supply. Furthermore, this water either dis 


charged sewers or, when uncontaminated, returned water-bearing 
through recharge wells, Long Island, New York 


The methods used Mr. Conkling the determination the safe 
from valley are based the sampling material followed 


work. recognized the paper, this procedure subject large 
The most fundamental difficulty applying the results laboratory 
alyses field conditions the tacit assumption that the sum the properties 


the parts water-bearing formation equal the properties the 


parts any complex unit usually something different from the properties 
the entire unit. This can illustrated analogy: automobile far 
more than the equivalent the sum the unassembled parts—it has 
gained from the relation the parts acting together that the parts, 
bled, not have. much the same way aquifer, unit, has 
different from the properties the materials comprising it—when the 
vidual properties are determined and added any number complicated 
ways. This basic difficulty remains matter how carefully the samples are 
taken. There are other difficulties, such the problem obtaining represen- 
tative samples and the disturbance the sample brought into the 
laboratory for analysis. This latter condition especially true 
dated materials. 

questionable procedure should not justified merely stating that 
followed determining other physical properties. The procedure may 
satisfactory for determining some physical properties and yet unsatisfactory 
for determining hydrologic coefficients. carry the previous analogy step 
further: The weight the car equal the sum the weights the 
However, without testing the car assembled condition, how can one 
termine how far the car will what horsepower will developed mile 
per hour? 

There are methods for testing materials place and determining 
coefficients such permeability and specific yield without relying sample 
for quantitative determinations. Such methods can applied profitably 
alluvial deposits. For example, the problem the safe yield essentially 
“virgin valley” was encountered 1942 the writer and associates the 
valley the Miami River south Hamilton, Ohio (58). the work 
done under circumstances typifying the industrial utilization ground wate 
the east, details may interest. The estimates the safe yield wer 
based determinations hydrologic coefficients the aquifer place, result 
ing increase the reliability the results compared with those 
laboratory determinations. 

The problem started the Mill Creek Valley near Cincinnati, Ohio, 
large industrial plants were operation—partly because the plentiful 


106 Numerals parentheses, thus: (57), refer corresponding items the Bibliography (see 
the paper), and the end discussion this issue. 
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ground water. 1942 the industries and the municipalities suburban 
Cincinnati were pumping more than mgd from the water-bearing alluvium 
inthe valley. The cumulative effect the pumping was lower ground-water 
levels some parts the area much over period years. 


1942 only saturated, water-bearing sand remained some the 


remained. 

1941 new plant for the manufacture airplane engines was built the 
Mill Creek Valley just north Lockland, Ohio. Even originally designed, 
the plant was giant one. Then, under the forced draft war, its capacity 


ground-water supply was considered, also climbed. Before the attack 
Pearl Harbor, Hawaii, 1941, the water source for the big engine plant was 
battery large diameter wells tapping the valley fill underlying the plant 
property. 

water demands rose, water levels the vicinity the plant declined 
rapidly; and, partly the basis previous work the Geological Sur- 
vey, was decided install new well field the outwash-filled valley the 
Miami River south Hamilton, Ohio, and abandon the well field the 
plant except for emergency service. This plan necessitated the construction 
about miles 42-in. and 36-in. pipe line, which, together with smaller 
pipe lines, wells, pumps, and motors, cost nearly three million dollars. This 
sum indicates the industrial value cool, clean, ground water. 

The Federal Works Agency, which was construct the well field and pipe 
line, requested the Geological Survey determine the effects the new 
existing ground-water supplies the near-by Hamilton area and 
make estimates the perennial safe yield the well-field area. this con- 
nection, ‘‘safe was defined Mr. Conkling’s definition (see heading, 
Yield: 


the annual extraction from ground-water unit which will not, 
does not— 


Exceed the average annual recharge 


During the course the investigation, thirty-two new wells were drilled 
the area the well field, including twelve production wells, and the geologic 
information obtained was analyzed carefully delineate the area and the 
thickness the ground-water reservoir. number farm and industrial 
wells that had been located and measured during earlier investigation yielded 
valuable water-level information, well some geologic data 

Water levels the Miami Valley south Hamilton had been measured 
periodically since 1939 and hydrographs number observation wells were 
available, illustrated Fig. 10. study these graphs revealed aver- 


age annual water-level fluctuation ft. 


The ground-water reservoir recharged each spring water from rain and 
snow, following which the water levels slowly decline the water evaporated 


and transpired while moving toward the Miami River. 1941 and 1942, 
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which were very dry years, the water levels did not recover normally, but 
1943 they rose about the 1940 levels. 


Elevation, Feet Above Sea 


WELLS AND GRAVEL Pits THE AREA 
UTH OHIO 


Fig. such contour map. The slope the water table toward the 
Miami River. There was heavy pumping the area concerned, 
large quantities water have been pumped for many years Hamilton, 
this pumping undoubtedly has had some effect the water levels the 
south. the latter area, the inhabitants used the ground-water 
only for domestic purposes and for stock. the time the 
there was development for irrigation. 

translate the available information into useful computations 
yield, two pumping test investigations were conducted using methods develope! 
Theis (61) and described Wenzel, Assoc. Am. Soc. 
(62). The method investigation consists sinking observation wells 
line from well that being pumped and observing the drawdowns that 
after pumping begins. From the discharge rate, the shape the 
depression different times, and the rate decline the piezometric 
the several observation wells, possible compute the 
the water-bearing formation and the specific yield, coefficient 
the aquifer. 


Maps the piezometric surface were prepared and these showed 
sively that ground water south Hamilton was feeding the Miami River 
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Using the quantities obtained from such pumping tests, two independent 
methods computing safe yield were available: 


use maps the piezometric surface, together with the related 
geologic information, the average gradient and cross-sectional area were de- 
termined. The average gradient multipled the cross-sectional area and the 
transmissibility any line perpendicular the direction 
ground-water flow gave the daily rate flow through the cross section. 


ire] 

wo 


LEGEND 


Not Underlain Alluvium 
Contour Piezometric Surface 
Lake Gravel Pit 


HAMILTON, OHIO, APRIL, 1943 


The preceding computation should give results similar those obtained 
using the product the specific yield times the average annual rise the 
water level, multiplied the up-gradient area between the given cross-section 
line and the ground-water divide, divided 365 convert the result daily 
basis. Such assumption based the theory that precipitation the 
source the ground water and that, after reaching the water table, the water 
flows toward the Miami River, indicated contour maps. 


The results were reasonable agreement, and was found that average 
about mgd would available from precipitation alone. However, the 
one the pumping tests showed that, lowering the ground-water 


‘ 


1134 BAKER GROUND-WATER STORAGE Discussions 


level near the Miami River, water would infiltrate from the river into the 
aquifer, thus increasing appreciably the indicated safe yield the area. From 


the geometry the new well field, computations were made which showed that 


minimum 6.5 mgd could expected infiltrate from the river over 


long period well-field operation. This value was undoubtedly conservative 


did not include the effects occasional floods which cover part the well- 
field area—undoubtedly helping replenish the ground-water reservoir. 

The quantity water recharged from the Miami River was found de- 
pend, large part, the pumping distribution within the well field. Thus, 
unwise pumping distribution would reduce the recharge from the river and 
cause unnecessary declines ground-water levels the Hamilton area. 

Inasmuch the water was used for industrial cooling, was important 
that river infiltration should encouraged the winter when the temperature 
the river water low, and should discouraged the summer when the 
river temperature reaches from 85° 90° was devised for well- 
field operation which would cause the smallest decline water levels the 
Hamilton area and would produce the coolest water for use industry. 

The methods used this investigation can applied, with appropriate 
modifications, other alluvial deposits. 


tion long known and exercised has been clarified the author. However, this 
procedure has just recently been considered the planning comprehensive 
stream system developments. important point the paper the reference 
the fact that, the past, ground-water storage such developments has 
occurred not result systematic foresight and planning, but rather asa 
by-product direct utilization waters. these comprehensive develop- 
ments become more common, greater reliance upon underground storage 
certain sections the United States for complete conservation can expected; 
but, before this possible the fullest extent, rights the use water 
conserved must susceptible reasonably exact determination. 


Nearly 1,000 decisions importance with respect the rights the use 


surface and underground water have been handed down the supreme courts 
the seventeen western states and the federal courts, since the admission 
California into the Union 1850. All these states, except Montana, have 
centralized agencies for the administration surface waters, and some states, 
underground waters. These decisions, plus constitutional and legislative 
enactments, well practices and policies developed state administrative 
officials, have fairly well crystallized the legal principles that relate rights 
the use both surface and underground waters, when such waters occu! 
the result the natural phenomena precipitation and runoff. 

The doctrines appropriation and riparian rights for surface waters 
and underground waters known and defined channels are well established. 
The former recognized some states, whereas both doctrines exist side 
side others. the case percolating underground water, the 


(Ruscardon Engrs.), Los Angeles, Calif. 
Received the Secretary May 29, 1945. 
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law” doctrine, under which the landowner presumed own all water under 
his land part and parcel the soil thereof, the doctrine correlative rights, 
more less analogous that riparian rights surface flow, and the doctrine 
appropriation—all have been reasonably clearly defined. 

When water occurs underground storage result man’s activities 
and when extracted for beneficial purposes finds its way into natural 
stream, augmenting the flow thereof before diversion, the rights use such 
waters are not clearly established. Most cases that have reached the higher 
courts result controversies over the foregoing types waters have dealt 
with return flow from irrigated lands, which has reached either artificial 
natural drainage channel. some states, those responsible for the occurrence 
such waters are allowed dispose them others. other states, once 
the waters reach natural stream—particularly when they have passed beyond 
the limits the area from whose irrigation they result—they are considered 
part and parcel the stream. Nearly all the decisions relating this type 
controversy have arisen those states where the riparian doctrine does not 
exist. 

During the next decade two, however—particularly when period 
deficient precipitation and stream flow resulting from de- 
velopments initiated since 1925 may expected cause serious controversies. 
some instances, difficulties may obviated legislative enactments 
constitutional amendments, whereas others they must settled court 
decisions. 

One factor which the courts many states appear give consideration 
the intent the agency that responsible for the occurrence water 
underground storage. the agency has ignored the existence such water— 
usually return flow, although sometimes surface waste—as augmented sup- 
ply underground basin surface stream, the tendency has been 
allow others assert and secure rights the supply. the other hand, the 
agency responsible for the occurrence the water has consistently claimed the 
right the use the water, has usually been allowed. Another principle, 
which has been favored with but little recognition the courts, that the 
“foreignness time’’ return waters which augment natural stream flow. 

Waters, originating outside drainage basin and entering stream, are 
considered some states, riparian rights are not attached the 
use these waters, since such waters are not part the natural 
flow the stream. Somewhat similarly, appropriator, when made his 
appropriation and planned his development and use water, might consider 
available him such waters the natural flow the stream existed over and 
above existing prior rights. the natural flow were augmented artificial 
means, would seem that such water should not inure the appropriator, but 
should subject appropriation the first comer. The return water, ap- 
pearing and augmenting the natural flow, although water the stream 
question, nevertheless more part the natural flow occurring the 
time than water from distant drainage basin part the natural flow the 
stream. However, most the higher courts where the subject has been con- 
sidered not agree with this opinion. 
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The following problems may considered representative many that 
may expected during the next decade so: 


flood control district gradually releases flood waters from its reservoirs, 
considerable portion these seeping from the stream channel into under- 
ground basin, thus resulting substantial increase the normal replenish- 
ment such basin. Prior the construction the flood control reservoirs, 
replenishment the basin had been excess draft; and, after adjudication, 
the pumping rights had been substantially reduced. the adjudication pro- 
ceeding, substantial area land within the basin was enjoined from ever using 
ground water. Does this augmented supply benefit those pumpers whose 
pumping rights were reduced the adjudication? Does inure those others 
who were enjoined because inadequate supply? other words, how 
should the supply apportioned? 

situation similar that problem the increased replenishment 
caused substantial increase surface flow lower constricted section the 
stream during the period low flow. Does this augmented supply the 
stream benefit existing appropriators this section, riparians, may any 
one secure appropriative right filing claim? 

given underground basin, pumping draft over period years 
equals replenishment, and pumping rights have been adjudicated and restricted 
upon this basis. Gravity water brought into the basin from distant source, 
and return water from this source materially increases the replenishment. Can 
the original pumpers from the basin increase their draft because the aug- 
mented supply, are they limited draft equal previous natural replenish- 
ment? the latter case, could owners overlying land, previously precluded 
from pumping because deficiency supply, utilize the return water, would 
the agency importing the water have the first right its and use? 

irrigation district stores winter and early spring flood waters and 
uses them for irrigation. the time plans were being prepared for the project, 
was expected that the summer flow the stream, which inadequate 
supply existing lower appropriative rights, would augmented return flow. 
Therefore, the district filed claim such augmented flow the time the 
original storage filing, for use lands the lower reaches the project. 
Can the district secure prior appropriative right this augmented flow, 
does such flow inure existing and prior lower appropriators riparians 
augment deficient summer supply? 

Water from surface stream placed underground stor- 
age artificially, agency that expects recover later from wells. 
cause physical conditions, not all the water spread can recovered 
the agency doing the spreading. party who has been exporting water from 
the basin physically able secure the remainder not recovered the agency 
spreading it. However, certain overlying pumpers also claim this augmented 
supply. Who has the right such water? 


These and similar problems will before the courts the future. Sound 
legislation, passed settle such controversies before they arise, intelligent 
decisions, based upon informed knowledge the technical and economical 
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features involved the cases well upon legal precedent, will much 
the legal principles applying water occurring underground 
storage result man’s activities, and will encourage conservation. Much 
knowledge has become available concerning the occurrence and behavior 
ground water since 1925 1930, and the fact the existence ground water 
should allow legislatures and courts act with far more assurance than they 
were able shortly after the turn the century. 


utilization provides excellent over-all view the objectives and accom- 
plishments such work the west. The geologically modern alluvial fans 
built the major streams the California Central Valley, southwestern 
Arizona, western Nevada, parts Oregop, and south-central Washington and 
the alluvium filling geological structural basins mountain valleys and 
coastal plains the west provide underground storage reservoirs whose 
utilization connection with the development the surface water resources 
should requirement drainage basin development. Such reservoirs aid 
the irrigation less favorably situated lands and, some instances, the 
control contamination soils through alkali concentrations caused the 
excessive accumulation ground water. 

the the author states: 


“This paper has presented, briefly, some the values found and methods 
far achieved, keeping mind always that solution any water 
problem the nature discussed this paper [ground water] accom- 
plished merely substituting correct values simple equation. 
the values which are often difficult determine correctly; but data 
accumulate this difficulty 


Such statement the essence all investigation involving underground 
conditions; and the writer finds, the data accumulate, that preconceived 
simple relationships are not reality simple and that the complexity factors 
and values increases. However, simple relationships simple equations 
are good starting point, subject modification more learned about 
each specific problem. 

connection with the California State Wide Plan (later known the 
Central Valley Project), 1930 the writer undertook investigation the 
geology and underground water storage capacity the Sacramento (63) and 
San Joaquin valleys (22a). Drainage factors for the ground-water reservoirs 
were assigned the basis grain size the alluvial materials comprising 
broad areas determined from penetration records wells bored those 
areas. The total capacity underground storage was based the extent 
materials water-absorptive character delimited through areal geological 
survey and the practical limitations water-table fluctuations. The 


recharge values were assumed average seepage contributions, determined 
test and measurement. 
Cons. Engr. and Geologist, San Francisco, Calif. 
Received the Secretary June 1945, 
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The writer’s conception the problem was that ground-water reservoirs 
(inflow and yield) could treated like surface reservoirs—once the factors 
relative capacity and yield had been assigned. However, the years since 
1930 have produced data which indicate that the storage capacity, measured 
yield most basins, greatly reduced with depth below ground surface 
due compaction under overburden load. The storage capacity further 
reduced the compaction the material taking place after the first de- 
watering, and expected that further compaction will occur with 
each substantial lowering water levels after recharge. 

The increase density the water-bearing materials and decrease 
yield the depth below ground surface increases were determined quantita- 
tively during the drilling the plant well for the City Lodi the Moke- 
lumne River area the California Central Valley. continuous core was 
obtained and examined for compaction density and cementation connection 
with pump tests and water level measurements made 1937. When the 
well was deep and had water column 66.6 ft, produced average 
65.6 gal per min water per foot drawdown, discharge rates varying 
from 618 gal per min 2,280 gal per min. The zone pumping influence 
extended over maximum area 0.315 miles. The yield factor per foot 


65.6 

The well was driven 270 and the pumping tests were repeated, ex- 
tending the area the zone pumping influence 0.546 miles and reducing 
the drawdown, but giving resultant yield factor 0.40. The final depth 
was 450 with maximum pumping influence 0.641 miles and yield 
factor 0.30—or less than one third the yield gallons per minute per 
foot drawdown per foot well column obtained shallow depth. 
current meter orifice was lowered into the well during the pumping tests 
the 270-ft and 450-ft depths measure the water yield each section 
the coarse sand developed. The results showed that the yield per foot 
sand diminished rapidly with depth. More than half the total well yield 
came from the top 66.6 the column which contained eleven lenses 
sand totaling thickness. The well bore hole between and 270 
intercepted twenty-six lenses sand, totaling thickness, and the 
bottom 180 the bore hole contained total thickness coarse 
sand lenses. 

probable that yields from underground reservoirs will diminish with 
each foot water-table lowering. The degree diminishing return will 
depend the character the material comprising the reservoir. Each 
ground-water basin problem doubtful that values obtained 
from one area combination geological conditions are applicable other 
areas. The question is: How much compaction, any, will take place the 
upper portion the column where overburden load not great and where 
seasonal fluctuation the water table due recharge and draft effective? 

The example the subsidence the Santa Clara Valley around San 
Francisco Bay California due ground-water drainage has been cited 


water column drawn upon was close 1.00. 
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frequently—namely, in. Redwood City, 0.5 Palo Alto, and 4.1 
San Jose the years from 1920 1932. Further subsidence was measured 
the years from 1932 1938 during which time conservation dams were 
constructed and spreading recharge was practiced (for the last years) over 
the upper stream fans. This subsidence was measured 0.15 Palo Alto 
and 1.6 San Jose. 

The water-table levels well-field area for the City Palo Alto had 
declined critical elevation; and, 1937, the water drawn upon was 
poor quality. Water was purchased from the municipal supply San Fran- 
cisco and pump draft was reduced more than half. The wet years from 1940 
through 1942 rapidly raised the well-field water levels. The writer has obtained 
the seasonal fluctuation water levels numerous wells and surrounding 
the city since 1933. The plotted hydrologic pattern these wells 
has been closely repetitive year after year, declining from 1933 through 1937 
and rising point elevation ffom 1938 through 1942 until the fall 1943 
when the pattern broke and decline started which has continued through the 
dry years 1944 and 1945. 

Pumping was further reduced 1944 but the decline continued. not 
possible obtain exact quantitative measure; but, during the years 
preceding October, 1937, the Palo Alto pump draft averaged 819.7 million gal 
per season and the average seasonal replenishment was 70.8% normal—the 
water level the ground-water reservoir was lowered ft, only 0.8 per 
season (about 0.1 per 100 million gal pumped). During the following 
years, when the supplemental supply was brought in, the average seasonal 
pumpage amounted 425 million gal per season and the average seasonal 
replenishment was 110% normal. The basin water level rose 48.5 ft, 
average 9.7 per season. During the season replenishment 
was 68.5% normal, comparable the first 5-yr period record, and pump 
draft was reduced 388 million gal. The basin water level lowered 
average 5.5 1.4 per million gal pumped against 0.1 per million 
gal pump draft when the basin was first dewatered. These data indicate 
that there substantial loss storage capacity due compaction upon 
drainage from ground-water storage. This capacity may not recovered 
when the water levels rise. 

considerable area California has been devoted ground-water recharge 
through spreading, particularly since 1930, and large amount data has 
been accumulated relative specific test plots, methods, and effects. The 
author has mentioned some the more general results and difficulties that 
have been encountered. Recharge readily effected the ground-water 
areas most intimately connected with and adjacent large surface streams. 
The flow such streams, possibly needing regulation, adequate serve all 
the lands and purposes. the other hand, ground-water basins provided 
the limited alluvial cones small intermittent streams, interstream 
areas are those wherein ground-water resources are the most value, have 
been most heavily drawn upon, and, many localities, are critically exhausted, 
The problem recharge such areas far from solution present. 
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The ramifications the general problem ground-water utilization, draft, 
and recharge, cover many scientific fields and economic and legal 
stream system development, exchange water—service from surface 
water over areas ground-water depletion and considerable extent from 
wells for areas bordering major streams the west—should the answer. 
The economic adjustment and legal difficulties, when property water rights 
are involved, are probably insurmountable. 
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THE MECHANISM ENERGY LOSS 
FLUID FRICTION 


Discussion 


GEORGE RICH, STEVENS, AND LEON BESKIN 


Am. Soc. strikingly clear and compact 
form, the paper presents the spatial implications the differential energy 
balance for representative problems which the flow directed wall 
plate. This same differential expression also appears afford ready method 
calculating similar energy exchanges for cases without confining walls, such 
wakes behind obstacles and jets discharging into still fluid. 

The requisite velocity distribution for the jet discharging into still fluid 
under the condition laminar flow given Fig. and the formula 


which the total momentum flowing across section, the same for all 
sections and equal 


Since the present investigation concerned only with changes the variable 
Eq. may written: 


direct substitution Eqs. and 12a and integrating with respect 


0 
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and 
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LaMINAR FLow 
The resultant energy exchanges are given Fig. 28(a), which the char- 
acteristic shape the borrowing curve reflects the abstraction 
energy from the central zone the jet—not only for the subsequent work 
viscous deformation the particular section but also for imparting 
water increasingly higher ordinates the jet diverges progressively 
the This salient feature may inferred from the curvature the 
velocity distribution graph, Fig. 27; thus: 


the vicinity the jet axis the curvature convex upward, 
convex downward point inflection somewhere about 0.75 


Thus, which measures the rate borrowing must change 


sign near 0.75 and, consequently, the summation borrowed 
decrease, finally approaching, asymptotically with W,, the 
0.745. 


Values of y, in Terms of yy 


Values of y, in Terms of y, 


the 
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The corresponding physical picture appears that, low values 
the shearing force any element from the moving water below exceeds the 
opposing shear due the inertia the relatively slower moving water above, 
and the sign the resultant increment borrowed energy positive. 


(a) LAMINAR FLOW 


When u=}u for (Max.) 


> 
(b) TURBULENT FLOW 

E 


Values of 


FOR RECTANGULAR DISCHARGING INTO STILL WATER 


higher values, the inertia shear from above exceeds the kinetic shear from below 
the element, and the algebraic sign the increment becomes negative. 

For the case the rectangular jet discharging into still fluid under condi- 
tions turbulent flow, the actual equation for the longitudinal velocity, 
although involves only elementary functions, exceedingly 


Turbulenter Tollmien, Zeitschrift fir Angewandte 
und Mechanik, Vol. 1926, pp. 


“M ” 
Fluid Dynamics,” edited Goldstein, Clarendon Press, Oxford, 
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Since the actual distribution velocity very much the same that for the 
laminar condition, Fig. and Eq. may assumed sufficiently accurate for 
present purposes calculating energy exchanges under the turbulent condition. 
Under turbulent flow let the virtual viscous, Reynolds’ shearing, 
expressed accordance with the momentum transfer theory 


The symbol denotes the longitudinal component the mean velocity 
ordinate and abscissa Substituting the appropriate equations the 
energy balance: 


0 


0 


8 ~ 6 y 
and 
y 
Wea = § C3, C2, c? x? p f 
6 8 y 


Fig. 28(b) shows the corresponding energy exchanges. comparison with 
the laminar jet, the chief difference that relatively greater kinetic 
energy convected from the zone the central axis for use imparting 
velocity the higher ordinates sections subsequent and also that the 
spending section completed somewhat lower ordinate, indicating 
greater concentration spending the mixing zone, would naturally 
anticipated. 


Presipent, Am. Soc. novel concepts 
the internal mechanism fluid friction have been presented this paper. 
1942 the senior author accepted assignment, heading research project 
the Nature Hydraulic Friction for the Society’s Committee Hydraulic 
Research, which the writer was then chairman. The research committee 
felt that was high time leave the beaten path empiricism and step 
boldly into newer fields inquiry fundamental concepts further advance- 
ment fluid mechanics was realized. This paper, although largely 
mathematical analysis viscous forces and their resultant effects, will serve 
beacon direct the trend future experimental studies laboratory 
and field. From this analysis and from the physical research that 


Developments Fluid edited Goldstein, Clarendon Press, Oxford, 
England, 1938, Vol. II, Eqs. and 53, 582; and Eq. 97, 592. 


Cons. Hydr. Engr. (Stevens Koon), Portland, Ore. 
37a Received the Secretary May 31, 1945. 
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stimulate, new methods evaluating flow characteristics liquids and gases 
are certain evolved. 

The suggestion that the principal difference between laminar and turbulent 
may one vorticity scale seems conform with observed phenomena. 
pure laminar flow, the vorticity induced viscous shear microscopic, 
even molecular, for which the conversion energy into heat definitely 
confined the shear plane. velocities increase, flow characteristics 
gradually undergo transition into state turbulence. One might indicate 
the transitional stages such words laminar,” “laminar,” “mildly 
turbulent,” “turbulent,” and Each progressive stage character- 
ized corresponding increase the size the vortices formed increasing 
stresses induced increasing viscous attrition following each increment 
the over-all velocity. least, this comforting explanation why the 
losses seem proportional increasing power the velocity exponent, 
for pure laminar for shooting flow. 

well recognize that the analysis presented applies only steady 
uniform flow, whether laminar turbulent. The case steady nonuniform 
flow offers challenge that can met only experimentation. 
Assoc. Am. Soc. E., has encountered this problem the 
case dilating tubes which the flow constant but which velocities are 
being reduced, thus converting kinetic energy into potential energy. 
well known that, through reducers where velocities are increasing, losses from 
turbulence are quite low. fact, such losses may less than those for 
steady uniform flow through corresponding length equivalent tube 
constant diameter. Therein lies neat little research problem. the direc- 
tion flow reversed, however, the losses become inordinately high. This 
due excessive turbulence the vortex generating zone which, owing 
receding boundaries, now occupies much greater portion the total cross- 
sectional area than the case for uniform flow conduit constant area. 

the example the large river, the vertical velocity curve, Fig. 
does not show the customary lessening velocity the surface. the curve 
did show this typical characteristic, the cumulative curves Fig. 20(c) and 
Fig. would slightly different. the vertical velocity curve has lesser 
surface velocity than occurs point below the surface, the effect make 
the “borrow” curve less than the “transfer” curve. This cannot true for 

would mean that more energy transferred than available. 

Some vertical velocity curves not show lessening velocity the 
surface, but many curves evidence such The writer was 
curious know what effect this would have the “borrow,” and 
“spending” curves. therefore selected one many vertical velocity 
curves taken the Geological Survey Columbia River The Dalles, 
Oregon. The curve shown Fig. 29. The banks the river are steep 
basalt cliffs with submerged talus. The stream bed very rough and 


strewed with large boulders. Depths are great and velocities low. The 
Am. Soc. E., December, 1944, 1545. 


1920, Hoyt and Grover, John Wiley Sons Inc., New York, Y., 
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vertical velocity curve quite typical such curves taken this site near 
midstream. 

avoid the anomaly transferring more energy than available, the 
expedient fixing the neutral axis the depth maximum velocity was 
adopted. This exactly the procedure for flow pipe. The resulting 
curves “borrow,” and are shown Fig. 30. The 


Depth 


Total 


Energy Units Velocity, Feet per Second 


TRANSFERRING En- 

ERGY THAN AVAILABLE 


afore-mentioned anomaly not evidence, which seems indicate that 
instead the surface open stream being considered the neutral axis 
for energy transfer, would better use the thread maximum velocity. 

The writer hopes that this paper only the beginning searching 
program study and experimentation through which the fundamental nature 
fluid resistance flow will become better known and that practicable 
usage the knowledge will speedily follow. 


the well-known phenomena involved fluid friction contained this paper. 
the writer’s opinion, however, the authors have failed propose new 
more simple physical mathematical concepts viscous flow, form that 
would useful the practicing engineer, who thus could rely less 
experimental data” (see item the and more theory. 

The authors have not translated their analysis into general mathematical 
expressions, since their analytical expressions are given only the case 
two-dimensional rectilinear permanent flow and (in somewhat less complete 


Senior Stress Analyst, Eng. Dept., Consolidated Vultee Aircraft Corp., San Diego, Calif. 
Received the Secretary June 27, 1945, 
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form) the case cylindrical rectilinear permanent flow—both with con- 
stant kinetic energy. For example, Eq. which offered complete 
picture the energy (see item actually 
applies only two-dimensional flow. This equation the well- 
known expression for the differentiation product: 


flow were considered, Eq. would be: 


Thus, the mathematical expressions the new concepts are seen 
inadequate because their validity limited extremely simple case 
viscous flow. impossible ascertain what the consequences would 
the authors had generalized their concepts for arbitrary three-dimensional 
motion, and whether new information would thus revealed the phe- 
nomenon viscous motion. the writer seems likely that nothing much 
would gained generalizing these concepts because, although Stokes’ 
dissipation function has absolute nature, the authors’ borrowing and transfer 
functions have only relative nature. This fact can demonstrated 
simple inspection Eq. 91. Velocity measured reference some axes 
coordinates. the water flowing conduit which also moving, 
can defined either reference the conduit, reference absolute 
axes. This does not change the expression w,, but modifies both and 
Academic may seem, this fact has far-reaching consequences. For in- 
stance, assuming that the same flow pattern occurs stationary conduit, 
turbine, centrifugal pump, both terms, and have different values 
each these cases; but their difference zero when viscosity neglected 
(they are both equal zero this case) and has definite value when viscosity 
isconsidered. can also shown that the reversal point has purely relative 
nature. moves toward the center the conduit the case pump, 
and reaches the boundaries the case turbine. Instead 
point” (see Section 11) would more correct use consistently the term 
“reversal (see Fig. 14), least the term “reversal curve” 
section. 

summarize: The concepts introduced this paper are defined terms 
that are too narrow and should generalized. The definitions have 
absolute significance and change with every change the system coordinate 
axes. justify the practical usefulness the ideas presented this paper, 
the authors need offer comprehensive series illustrative examples. 


Corrections for Transactions: February, 1945, Proceedings, page 130, 
Fig. 1(b), and page 131, Fig. 2(b), change all W’s (Wo, and 
w’s; page 150, change the abscissa caption Fig. read 

” 
and page 158, line 27, change equal the energy” 
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DISCUSSIONS 
tan 
SEDIMENTATION AND THE DESIGN 
SETTLING TANKS 
Discussion 
der 
presented Mr. Camp should prove useful further studies settling 
Such theoretical analyses are informative. However, the 
appear abrupt, since they imply recommendation types tanks for primary 
settling and for final settling activated sludge, without reference the 
available operating and experimental data plant-size units and with little aff 
relation the theory the case final tanks. 
Multiple-tray settling tanks, similar principle the tank proposed 
the author for primary settling, have been patented and promoted for many 
years. The author might have shown why these tanks have had such limited 
acceptance and what way his proposed tank may more acceptable. 
Most Mr. Camp’s conclusions final settling tanks for the activated 
sludge process may questioned the basis extensive study plant- 
size experiments and operating data, some results which were presented® 
the writer October, 1944. 
view the field. 
The author’s statements the effect that density currents would less 
with shallow tanks are not confirmed actual velocity measurements. 
126-ft diameter tanks the Chicago Southwest Plant 
(allowing the sludge blanket build various depths, thereby giving the 
effect different tank depths) showed that the velocity the density current 
paper Thomas Camp was published April, 1945, Proceedings. 
Engr. Treatment Plant Design, The San. Dist. Chicago, Chicago, 
Received the Secretary June 1945. 
Final Settling Tanks for Activated Norval Anderson, Sewage Works 
Journal, January, 1945, 50. 


Experiences New York Richard Gould, ibid., Vol. 14, No. 1942, 


and Trends Sewerage Practices 1941,” Samuel Greeley and Paul 
Water Works and Sewerage, Vol. 89, No. 1942, 53. 
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was approximately inverse ratio the flow depth. Also, relatively 
higher velocities density current were the rectangular final settling 
tanks Columbus, Ohio, and Wards Island, New York, where the ratio 
length depth relatively large. 

The author’s argument for withdrawal sludge the effluent end the 


tank open some question. states (Section 10) that: 


“The usual practice withdrawing sludge from the bottom the inlet 
end results mixture fresh sludge short-circuited from the density 
current and stale sludge scraped from the effluent end. Short-circuiting 
the sludge may avoided withdrawn from the outlet end *.” 


Why should one avoid this so-called short-circuiting fresh sludge when one 
the most desirable features final settling tank the withdrawal fresh 
return sludge? The writer that activated sludge settles near the inlet 
the tank. Thus, with long rectangular tank and flight-conveyer-type 
sludge removal mechanisms indicated Fig. 18, the length time that the 
dense sludge remains the tank would governed largely the speed the 
mechanism, resulting sludge greater average age than would the case 
the drawoff were near the inlet. With the drawoff near the inlet, the dense 
sludge required move much shorter distance and only the lighter particles 
that settle the end need move the full length the tank. Also, 
possible that greater flocculation obtained withdrawing sludge near 
the inlet, since this causes the sludge flow against the density current and 
affords more opportunities for contacts between particles, stated the 
author under Flocculent 

Elimination connecting conduits between aeration tanks and final 
settling tanks order avoid high inlet velocities and the destruction 
may practical small plant. However, large plant such 
arrangement results uneconomical layout with sacrifice flexibility 
operation, shown layouts and studies similar arrangements made 
The Sanitary District Chicago 1933 for plants with 136-mgd capacity 
and more. Furthermore, appears that floc excessive 
velocity gradients” (last paragraph Section 10) not important factor 
with aeration tank Comparative tests made three activated sludge 
treatment works The Sanitary District Chicago showed practically 
change the aeration tank after free fall 
weir and passage through both venturi meter and considerable 
length conduit and aerated channel. 


sulting engineers, from time time, are faced with the problems designing 
sedimentation tanks, seems that most cases these consultants not delve 
completely into the theories involving sedimentation. 

result this method design there the continual problem 
settling. This particularly true sewage treatment plants. 


Austin Eng. Co., Austin, Tex. 
Received the Secretary July 23, 1945. 
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sedimentation. This can seen the results obtained such plants. 
Concerning the design grit chambers, emphasis should placed the 
sixth and seventh paragraphs Section With the exception the very 
largest class sewage treatment plants, one the weakest links the entire 
process that the grit chamber. This particularly true sewage treat- 
ment plants serving small towns and villages. Here the designers have been 
faced with controlling financial outlay eliminate every cost 
many instances excuse for grit chamber has been installed which could not 
possibly function collect any grit whatsoever, and has only been added 
expense the construction the plant itself. 

Mr. Camp states that geometric models for plant-scale tanks cannot 
adapted produce those effects, but are quite useful the measurement 
short-circuiting; also, that settling analysis may corrected for 
short-circuiting predict performance plant-scale settling has 
been the writer’s experience with model tanks that their flow characteristics 
can correlated full-scale flow characteristics and zones sedimentation 
can reproduced. remains matter judgment and experience upon the 
part the designer adapt model results full-scale operation. regard 
Mr. Camp’s statement concerning the building adjoining tank without 
connecting conduits, the writer has knowledge least dozen plants built 
along this pattern recent years. Virtually all the recently adapted Hay’s 
process plants have been arranged current years. Such construction 
results decided economy, since dividing walls are merely web members 
rigid structure sufficient strength withstand the hydraulic load. 


most industrial processes using sedimentation, such those involving 
chemical reaction, the designers seem have much better understanding 
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DISCUSSIONS 


STRESSES THE LININGS SHIELD-DRIVEN 
TUNNELS 


Discussion 


EREMIN 


Assoc. Am. Soc. considering the elastic 
properties soil the author has developed interesting method computing 
stresses tunnel linings. However, the conclusion that linings designed 
current methods are too heavy seems premature. Actually, the tunnel lining 
more complicated loading than that described Mr. Bull. The final 
shape tunnel lining often established after pressure grouting was applied. 
For example, the Posey Oakland, Calif., was moved laterally the 
transmitted through the backfill. The final stresses the tunnel lining 
are also influenced the loading the roadway slab and the forces 
transmitted through the tie rods. These influences were not mentioned 
the author. 

The coefficient compressibility, has been used widely the past. 
Recent experiments, however, have revealed that this coefficient variable. 

Therefore, cannot used computing stresses the principle super- 

position stresses and deformation. 

The design loading adopted often influenced the method 
erection structure. Section 29, Mr. Bull has stated that other type 
structure requires that erection material made integral part, 

tunnel lining. Unfortunately, extra material must provided for erection 
stresses several other types. Pre-cast tunnel tubes are proportioned for the 
maximum stresses that may developed during the launching and while 
shipping the tube sections their final location. The cantileyer method 
erecting continuous bridge trusses requires that various members and con- 
that are not fully stressed the completed structure, reinforced 


paper Anders Bull was published November, 1944, Proceedings. Discussion 
h ls paper has appeared in Proceedings, as follows: January, 1945, by J. A. Van den Broek; February, 1945, 
Nathan Brodkin, Drucker, and Sigvald Johannesson; May, 1945, Jacob Feld; and June, 
Leon Beskin, and Krynine. 


Bridge Engr., Bridge Dept., Div. Highways, State Dept. Public Works, Sacra- 
Calif. 

the Secretary June 18, 1945. 

Transactions, Am. Soc. E., Vol. 109 (1944), 747. 
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resist erection stresses. Extra heavy, reinforcing armature sometimes 
provided reinforced concrete arches support the centering. 

Bull believes erroneous assume that the vertical soil reactions 
are uniformly distributed along horizontal diameter tube (see Section 19). 
The accuracy this assumption varies with the ratio the horizontal soil 
pressure the vertical soil pressure. When this ratio approaching unity, 
the error the adopted assumption negligible. The assumption 
distribution the vertical reactions simplifies the computation stresses 
the tunnel course, deviation from this assumption quite common 
when local conditions require it—for instance, when the tube supported ona 
cushion piers. When the ratio horizontal soil pressure vertical soil 
pressure less than unity, simplified graphical expression soil pressure 
exerted prism generally adopted.** Such diagrammatic expression 
loading gives convenient criterion for the stresses the lining. The diagram- 
matic loading easy visualize. can compared with the actual loading 
encountered during erection and, later, when the structure carrying the actual 
superimposed load. 


Transactions, Am. Soc. E., Vol. 103 (1938), 271. 
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DISCUSSIONS 


CONVERSION KINETIC POTENTIAL 
ENERGY FLOW EXPANSIONS 


Discussion 


THOMAS 


turbulence flow expansions has long been evident and Professor Kalinske’s 
observations and analysis are great interest and value. 

The data presented refer circular pipes, but the problem designing 
expansions open channels even more complex and considerable 
portance where the channel downstream the expansion erodible, because 
poor design often results the creation return eddy which plays havoc 
with the side banks. The main principles are the same open channels 
cireular pipes, and, although there are added complexities due cross-sectional 
shape and free water surface, many the conclusions drawn for the one case 
should applicable the other. 

the experiments described, the flow appears have been symmetrical 


about the central axis. The existence adverse pressure gradient the 


expansion, however, may result insta- 


depends balance forces which may 


main stream moves one side, with the 


The maintenance the return eddy 


energy into pressure energy, the pressure greater point than 


point creating conditions favorable flow from points Considering 


the eddy whole, its equilibrium maintained the balance between the 
due this pressure gradient, acting upstream, the force due the 


This paper Kalinske was published December, 1944, Proceedings. Discussion 


paper has appeared Proceedings, follows: February, 1945, Mavis; May, 1945, 
tevens; and June, 1945, Boris Bakhmeteff, and Van Driest. 


“Secretary, Central Board Irrig., Simla, India. 
Received the Secretary June 27, 1945. 


Expansions Open Channels,” Thomas, Proceedings, Punjab Eng. Cong., Lahore, 
Paper 236, 1940, 179. 
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lateral influx momentum from the main stream between points and due 

turbulence, acting downstream, and the resistance the side wall and bed, 
acting against the flow. Local pressure differences are created the curvature 
flow, determined some degree the shape expansion, and the shape 
eddy adjusts itself maintain the balance. 

The influx momentum has greatest effect the outside the 
decreasing toward the side wall. its effect point the center the 
eddy, not sufficient outbalance the adverse pressure gradient, flow 
that point will upstream; and the width eddy will increase, contracting 
the main stream, raising its velocity, and increasing the influx momentun 
until equilibrium reached. the other hand, the influx more than 
balances the adverse pressure gradient point flow that point will 
downstream, and the eddy will contract until equilibrium reached. the 
influx momentum great that outbalances the adverse pressure gradient 
even the side wall, the eddy will disappear and the entire flow will the 
downstream direction. 

This another way describing how the lateral transmission momentum 
determines the velocity distribution, but facilitates the drawing certain 
conclusions; namely: (1) The greater (a) the angle divergence, (b) the expan- 
sion ratio, (c) the depth-width ratio, (d) the Froude number 
the greater the pressure gradient—hence the larger the eddy; and (2) the 
the turbulence, the greater the influx the 
smaller the eddy. 

conclusion (1) assumes turbulence independent the variables 
considered (which, shown the paper, not generally true) may have 
limitations. Conclusion (2) explains why measures taken increase 
lence (such cross grid, blocks the bed) improve the flow. The effect 
such measures increased the loss head caused, which reduces the 
pressure gradient. also explains why, turbulence being subject scale 
effect, models flow expansions not accurately represent larger prototypes. 

also clear that, addition the angle divergence, the 
ratio, depth width ratio, Froude number, and intensity turbulence deter 
mine the behavior expanding flow, that results obtained with 
angle divergence cannot applied indiscriminately other cases. 

These conclusions, however, are only qualitative and not give 
assistance practical design. For example, they not indicate the 
permissible angle expansion given case the most suitable side curves. 
quantitative expression terms the discharge and channel 


can derived for pressure gradient, modified loss head based empirical 
data, but has not far been possible derive expression for the 
transfer momentum due turbulence expanding flow. here 
experimental and analytical work, such presented Professor 
will value, and hoped that will able extend his researches 
other cases. 
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